Experimental Precision Tests for the Electroweak Standard Model by Grunewald, Martin W.
ar
X
iv
:0
71
0.
28
38
v1
  [
he
p-
ex
]  
15
 O
ct 
20
07
UCD-PHYC/071001
arXiv:0710.2838 [hep-ex]
15 October 2007
Experimental Precision Tests for
the Electroweak Standard Model
Martin W. Gru¨newald
University College Dublin
UCD School of Physics
Belfield, Dublin 4
Ireland
Abstract
This paper contains a review of recent precision measurements of electroweak observables and
resulting tests of the electroweak Standard Model.
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1.1 Introduction
The last twenty years have seen enormous progress in experimental precision measurements in
particle physics and tests of the electroweak Standard Model. New generations of experiments
using advanced detectors at high-energy particle colliders perform measurements with a precision
unprecedented in high-energy particle physics. This review summarises the major exciting exper-
imental results measured at the highest energies and pertaining to the electroweak interaction.
Comparisons with the theory, the Standard Model of particle physics (SM) [1], are used to test the
theory and to constrain its free parameters. The data sets analysed for the precision measurements
presented here have been accumulated at the world’s highest-energy particle colliders over the last
two decades. They verify the SM as a renormalisable field theory correctly describing nature.
Electron-positron collisions at 91 GeV centre-of-mass energy were studied by the SLD detec-
tor [8], operating at Stanford’s Linear Collider (SLC) [12] (1989-1998), and by the experiments
ALEPH [13], DELPHI [15], L3 [17] and OPAL [21], taking data at the Large Electron Positron
collider (LEP) [25] (1989-1995) at the European Laboratory for Particle Physics, CERN, Geneva,
Switzerland. This centre-of-mass energy corresponds to the mass of the Z boson, the heavy neutral
exchange particle of the electroweak interaction, which is thus produced in resonance, e+e− → Z.
While SLC provided interactions at a fixed centre-of-mass energy corresponding to the maximum
of the Z resonance cross section, the LEP-I collider provided collisions at several centre-of-mass
energy points, thereby scanning the Z resonance lineshape in the range from 88 GeV to 94 GeV. By
increasing the LEP center-of-mass energy up to 209 GeV (LEP-II, 1996-2000), the precision mea-
surements of Z-boson properties at LEP-I were complemented by measurements of the properties
of the W-boson, the charged carrier of the electroweak interaction, in the reaction e+e− →W+W−
at LEP-II.
Proton-antiproton collisions are provided by the Tevatron collider operating at the Fermi Na-
2tional Accelerator Laboratory close to Chicago in the USA, at centre-of-mass energies of 1.8 TeV
(Run-I, 1992-1996) and 2.0 TeV (Run-II, since 2001), and are studied by the experiments CDF [29]
and DØ [30]. Results from the Tevatron experiments important for the electroweak interaction
include measurements of the mass of the W boson, as well as the discovery of the sixth and heaviest
quark known today, the top quark, in 1995 and the measurements of its properties, in particular
its mass.
In addition, key measurements were performed in dedicated experiments at lower interaction
energies, notably the measurement of the anomalous magnetic moment of the muon [32], as well
as the measurements of parity violation effects in atomic transitions [33, 34, 35], in Moller scatter-
ing [36, 37] and in neutrino-nucleon scattering [38]. The following sections summarise the major
experimental measurements of particular relevance to electroweak physics, starting with electron-
positron collisions at the Z pole and above the W-pair threshold, the measurements at the Tevatron
collider, and the specialised measurements at lower momentum transfer. The combined set of ex-
perimental results is compared to predictions based on the Standard Model of particle physics
and used to constrain its free parameters. In particular, the predictive power of the SM and the
precision of the electroweak measurements is elucidated by the predictions of the masses of heavy
fundamental particles, such as W boson, top quark and Higgs boson, which are contrasted with
the direct measurements of these quantities.
31.2 Fermion-Pair production and the Z resonance
1.2.1 Introduction
Fermion-pair production is the dominant interaction in electron-positron collisions. The two impor-
tant Feynman diagrams in fermion-antifermion production, shown in Figure 1.1, proceed through
s-channel exchange of the neutral electroweak gauge bosons, namely photon (γ) and Z boson.
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Figure 1.1: The lowest-order s-channel Feynman diagrams for the reaction e+e− → ff . For e+e−
and νeν¯e final states, additional t-channel diagrams with photon, Z- or W-boson exchange con-
tribute as well. The contribution of Higgs boson exchange diagrams is negligible.
The Z-exchange diagram causes a resonant enhancement of the total cross section by nearly
three orders of magnitude when the centre-of-mass energy,
√
s, is close to the mass of the Z
boson, mZ. In the vicinity of the Z pole, the total and differential cross sections for fermion-pair
production, e+e− → ff , are given by:
σ0(e+e− → ff ; s) = 12π
m2Z
ΓeeΓff
Γ2Z
sΓ2Z
(s−m2Z)2 + s2Γ2Z/m2Z
+ γ/Z interference + photon exchange (1)
dσ0(s)
d cos θ
= σ0(s)
[
3
8
(1 + cos2 θ) +A0, fFB(s) cos θ
]
(2)
where the additional terms not further specified are small. The angle θ denotes the polar scattering
angle of the outgoing fermion with respect to the direction of the incoming electron. The depen-
dence of the total cross section and the forward-backward asymmetry on the centre-of-mass energy
is shown in Figure 1.2. The effect of radiation of photons in the initial state on cross section and
forward-backward asymmetry, very large as shown in Figure 1.2, is incorporated in the calculations
by a convoluting the above expressions with QED radiator functions to yield realistic predictions,
which are compared to the experimental measurements. These realistic, QED-convoluted ob-
servables are indicated by dropping the superscript 0 from the above pole-like quantities. The
QED-deconvoluted quantities, indicated by the superscript 0, are sometimes also called pseudo
observables. The numerical caluclations are performed with Monte Carlo programs as well as
the semi-analytical programs TOPAZ0 [39] and ZFITTER [43], which incorporate state-of-the-art
higher-order radiative corrections.
The total and partial decays widths of the Z boson, ΓZ and Γff for fermion species f (Z→ ff),
are:
ΓZ =
∑
f 6=t
Γff = Γhad + Γee + Γµµ + Γττ + 3Γνν (3)
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Figure 1.2: Left: average over measurements of the total inclusive hadronic cross-section of the
process e+e− → qq, Equation 1. Right: average over measurements of the forward-backward
asymmetry AµFB in muon production, e
+e− → µ+µ−, Equation 2. The measurements are shown as
a function of the centre-of-mass energy. The full line represents the result of a fit including QED
radiative corrections to the measurements as described in the text. Unfolding for QED radiative
effects yields the dashed curves, corresponding to the Z parameters shown in Equations 1 and 2.
Γff = N
f
C
GFm
3
Z
6π
√
2
(
g2Vf + g
2
Af
)
(4)
where Γhad is the inclusive hadronic decay width summed over the five light quark flavours, u, d, s,
c, and b (top is too heavy), NfC is the QCD colour factor (3 for quarks and 1 for leptons), and gVf
and gAf are the effective vector and axial-vector coupling constants of the neutral weak current,
i.e., the coupling of the Z boson to fermion species f. The QED-deconvoluted forward-backward
asymmetry A0, fFB at
√
s = mZ, excluding photon exchange and γZ interference, decomposes into
factors of coupling constants for the inital state and for the final state as follows:
A0, fFB =
3
4
AeAf (5)
Af = 2 gVfgAf
g2Vf + g
2
Af
= 2
gVf/gAf
1 + (g2Vf/g
2
Af)
, (6)
where Af is called the asymmetry parameter. Hence, measurements of both cross-sections and
forward-backward asymmetries allow us to disentangle and determine the effective vector and axial-
vector coupling constants gVf and gAf . The asymmetry parameters and thus forward-backward
asymmetries alone determine directly the effective electroweak mixing angle, because:
gVf
gAf
= 1− 4|Qf | sin2 θfeff , (7)
where Qf is the electric charge of fermion f.
51.2.2 Z Lineshape and Forward-Backward Asymmetries
At LEP, data samples were collected at various centre-of-mass energy points around the Z res-
onance. Measurements are routinely performed separating four final states: the three charged
lepton species, e+e−, µ+µ−, and τ+τ− and the inclusive hadronic final state arising from qq pro-
duction.1 Total cross sections are measured for all four final states. Differential cross sections and
forward-backward asymmetries are measured for the lepton-pair final states.2 Each LEP experi-
ment collected a total integrated luminosity of about 200 pb−1, with the datasets of the four LEP
experiments combined consisting of about 15.5 million hadronic events and 1.7 million lepton-pair
events.
The different final states are separated based on multiplicity (high-multiplicity hadronic jets
arising from quark fragmentation, versus low-multiplicity charged leptons) and the characteristic
signatures of the different charged lepton species as illustrated in Figure 1.3: electrons deposit
all their energy in the electromagnetic calorimeter while muons traverse the complete detector as
minimal ionising particles with their momentum measured by the inner and outer tracking systems.
Tau leptons decay before they are measured by the detectors and are thus identified by their low-
multiplicity decay signature different of that of di-electrons and di-muons and the high-multiplicity
quark-jets, combined with missing energy due to neutrinos.
Owing to the highly advanced detectors with near 4π coverage, backgrounds in the selected
samples are typically at the 1% level only. Event selection efficiencies within the acceptance range
from 70% for τ+τ− to more than 99% for hadrons. Systematic errors are smallest for the inclusive
hadronic final states, typically 0.04% to 0.1%, and somewhat larger for the leptonic finals states,
up to 0.7% especially for tau-pairs. In addition, the luminosity uncertainty of 0.07% to 0.24%,
depending on data taking period, is correlated between all cross section measurements. Detailed
informations on the analyses are given in the References [52, 57, 61, 65].
The large data samples enable to perform precision cross section and asymmetry measurements
as shown in Figures 1.2 and 1.4. The effect of initial-state photon radiation is clearly visible in
Figure 1.2. It must be controlled to per-mill precision and better to allow the determination of
the underlying Z resonance parameters such as mass, total and partial decay widths, pole cross
sections and pole asymmetries, with unspoiled precision. Differential cross sections measured in
e+e− and µ+µ− production are shown in Figure 1.4. The t-channel exchange contribution in
e+e− production changes the differential and also total cross section compared to the s-channel
only production of the other charged fermions. This effect is of course taken into account in the
analysis of e+e− production.
For reduced correlations between the observables, the measurements of Z-boson parameters
are presented using the parameters [69]: mZ, ΓZ, σ
0
had = σ
0(e+e− → hadrons) at √s = mZ,
R0ℓ = σ
0
had/σ
0
lep = Γhad/Γℓℓ and A
0, ℓ
FB = 3AeAℓ/4 for ℓ = e, u, τ . These nine pseudo observables
reduce to five under the assumption of neutral-current charged-lepton universality. The results of
the four LEP experiments are compared in Figure 1.5; combined numerical results [69] are also
reported in Table 1.1. The χ2/dof of the combination indicates that the model describes the data
well. The mass of the Z boson is determined with a precision of 23 ppm, and its total width with
per-mill precision. Uncertainties due to the absolute and relative LEP beam-energy calibration [70]
affect the averaged results onmZ and ΓZ at the level of 1.7 MeV and 1.2 MeV, respectively, showing
how precise a LEP beam energy calibration was achieved. The measurement of luminosity affects
σ0had only. Both statistical and systematic uncertainties on efficiency and acceptance contribute to
the total uncertainty on R0ℓ , while the forward-backward asymmetries are still statistics dominated.
Neutral current lepton universality is strongly favoured by the results for R0ℓ and A
0, ℓ
FB as shown
in Figure 1.6, where the contours for electrons, muons and taus largely overlap. Numerical results
imposing lepton universality are also reported in Table 1.1.
1For a separation of quark flavours, see Section 1.2.5.
2For a measurement of an inclusive hadronic charge asymmetry, see Section 1.2.6.
6Figure 1.3: Experimental separation of the final states using only two variables, the sum of the track
momenta, Ech, corresponding to the energy carried by charged hadrons, and the track multiplicity,
Nch, in the central detector of the ALEPH experiment.
cos q
d 
s
 
/ d
 c
os
 q
 
[n
b]
e
+
e
-
 → e+e - ( g )
peak - 2
peak
peak+2
0
0.5
1
-1 -0.5 0 0.5 1
L3
Figure 1.4: Distribution of the production polar angle, cos θ, for e+e− and µ+µ− events at the
three principal energies during the years 1993–1995, measured in the L3 (left) and DELPHI (right)
detectors, respectively. The curves show the SM prediction from ALIBABA [51] for e+e− and a
fit to the data for µ+µ− assuming the parabolic form of the differential cross-section given in the
text. The labels “peak” and “peak±2” correspond to the centre-of-mass energy of the peak, and
energy points about ±2 GeV below and above the cross section peak.
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Figure 1.5: Measurements of mZ, ΓZ, σ
0
had, R
0
ℓ and A
0, ℓ
FB. The averages indicated were obtained
taking correlated uncertainties into account. The values of χ2 per degree of freedom were calcu-
lated considering error correlations between measurements of the same parameter, but not error
correlations between different parameters.
8Table 1.1: Combined results for the Z parameters, without (top) and with (bottom) the assumption
of lepton universality.
Without lepton universality Correlations
χ2/dof = 32.6/27 mZ ΓZ σ
0
had R
0
e R
0
µ R
0
τ A
0, e
FB A
0, µ
FB A
0, τ
FB
mZ [GeV] 91.1876± 0.0021 1.000
ΓZ [GeV] 2.4952 ± 0.0023 −0.024 1.000
σ0had [nb] 41.541 ± 0.037 −0.044−0.297 1.000
R0e 20.804 ± 0.050 0.078−0.011 0.105 1.000
R0µ 20.785 ± 0.033 0.000 0.008 0.131 0.069 1.000
R0τ 20.764 ± 0.045 0.002 0.006 0.092 0.046 0.069 1.000
A0, eFB 0.0145 ± 0.0025 −0.014 0.007 0.001−0.371 0.001 0.003 1.000
A0, µFB 0.0169 ± 0.0013 0.046 0.002 0.003 0.020 0.012 0.001−0.024 1.000
A0, τFB 0.0188 ± 0.0017 0.035 0.001 0.002 0.013−0.003 0.009−0.020 0.046 1.000
With lepton universality Correlations
χ2/dof = 36.5/31 mZ ΓZ σ
0
had R
0
ℓ A
0, ℓ
FB
mZ [GeV] 91.1875± 0.0021 1.000
ΓZ [GeV] 2.4952 ± 0.0023 −0.023 1.000
σ0had [nb] 41.540 ± 0.037 −0.045−0.297 1.000
R0ℓ 20.767 ± 0.025 0.033 0.004 0.183 1.000
A0, ℓFB 0.0171 ± 0.0010 0.055 0.003 0.006−0.056 1.000
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Figure 1.6: Contour lines (68% CL) in the R0ℓ–A
0, ℓ
FB plane for e
+e−, µ+µ− and τ+τ− pairs, without
and with the assumption of lepton universality, ℓ+ℓ−. The results for the τ lepton are corrected to
correspond to the massless case. The SM prediction is shown as arrows corresponding to variations
of mZ = 91.1875 GeV, mt = 170.9± 1.8 GeV, mH = 300+700−186 GeV, αS(m2Z) = 0.118± 0.003. The
arrow showing the dependence on the hadronic vacuum polarisation ∆α
(5)
had(m
2
Z) = 0.02758 ±
0.00035 is displaced for clarity.
91.2.3 Polarised Asymmetries at SLC
In contrast to LEP where the beams were unpolarised, SLC provided electron-positron collisions
with longitudinally polarised electrons. The beam polarisation as a function of Z event count is
shown in Figure 1.7, indicating that polarisation in excess of 70% was routinely achieved for the
bulk of the data. In order to measure polarised asymmetries such as left-right and left-right forward-
backward asymmetries with highest possible statistical precision, SLC maximised the event count
by providing collisions at a single fixed centre-of-mass energy only, corresponding to the maximum
of the annihilation cross section.
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Figure 1.7: The amount of longitudinal electron polarisation as a function of the number of recorded
Z decays at SLD.
Left-Right Asymmetry
The left-right asymmetry is a experimentally robust quantity, depending only on event counting:
ALR =
NL −NR
NL +NR
1
Pe , (8)
where NL and NR are the event yields per luminosity unit produced with left- and right-handed
polarised electron beams, with the degree of longitudinal polarisation denoted by Pe. Many sys-
tematic effects, such as those affecting acceptance or efficiency, cancel in the ratio. QED radiative
corrections ∆ALR are small and calculated to high precison. The corresponding pole quantity A
0
LR
is then simply:
ALR +∆ALR = A
0
LR = Ae =
2gVe/gAe
1 + (gVe/gAe)2
. (9)
10
The left-right asymmetry measurement determines directly the asymmetry parameter Af for the
inital state fermions. Any final state can be used for the measurement.
The SLD collaboration performed the measurement of ALR with the high-statistics inclusive
hadronic channel in order to obtain a high-precision measurement of A0LR [71]. Leptonic final states
are separated out and used in the independent determination of the left-right forward-backward
asymmetry discussed below. The results on A0LR for the different data taking periods with their
different degree of beam polarisation, compared in Figure 1.8, show reasonable overall consistency.
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Figure 1.8: A compilation of the published SLD A0LR results, ordered by year the data was taken.
The final average is calculated including correlations of systematic uncertainties.
The average over the complete SLD data sample, taking correlated uncertainties into account,
results in [71]:
A0LR = 0.1514± 0.0022 (10)
or equivalently:
sin2 θlepteff = 0.23097± 0.00027 . (11)
This measurement is the single most precise determination of sin2 θlepteff . It is still statistics dom-
inated; the systematic errors included in the total errors listed above are ±0.0011 and ±0.00013,
respectively.
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Left-Right Forward-Backward Asymmetry
In contrast to the left-right asymmetry, the left-right forward-backward asymmetry determines the
asymmetry parameter Af specific to the analysed final state:
AfLRFB =
1
Pe
(NF,L −NB,L)− (NF,R −NB,R)
(NF,L +NB,L) + (NF,R +NB,R)
→ A0LRFB =
3
4
Af , (12)
where the subscripts indicate forward and backward events (F,B) accumulated with left- or right-
handed electron beams (L,R). Owing to |Pe| = 75%, the left-right forward-backward asymmetries
yield a statistical precision equivalent to measurements of the unpolarised forward-backward asym-
metry, A0, fFB = (3/4)AeAf , using a 25 times larger event sample.
The final states e+e−, µ+µ− and τ+τ− were used to determine the asymmetry parameter Aℓ
for the three charged lepton species [75, 76]. For increased statistical precision, the differential
distributions in terms of cos θ, the polar scattering angle, for the left- and right-handed data
samples, shown in Figure 1.9, are analysed, allowing a combined determination of both Ae and Af .
In case of e+e− production, the additional contributions due to t-channel scattering, skewing the
differential distribution, are accounted for in the analysis.
Summary
The combined results [69] derived from the measurements of the left-right and left-right forward-
backward asymmetries by SLD at SLC are listed in Table 1.2. These results are in good agreement
as expected from neutral-current lepton universality. The measurement of Ae, fully dominated by
the A0LR result, is by far the most precise determination of any of the Aℓ asymmetry parameters.
The combined result, assuming lepton universality and accounting for small correlated systematic
uncertainties, is:
Aℓ = 0.1513± 0.0021, (13)
where the total error includes a systematic error of ±0.0011. This measurement is equivalent to a
determination of:
sin2 θlepteff = 0.23098± 0.00026, (14)
where the total error includes a systematic error of ±0.00013.
Table 1.2: Results on the leptonic asymmetry parameters Aℓ not assuming neutral-current lepton
universality obtained at SLD. The result on Ae includes the result on A0LR.
Parameter Average Correlations
Ae Aµ Aτ
Ae 0.1516±0.0021 1.000
Aµ 0.142±0.015 0.038 1.000
Aτ 0.136±0.015 0.033 0.007 1.000
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Figure 1.9: Polar-angle distributions for observed for e+e−, µ+µ− and τ+τ− events selected in the
1997-1998 SLD run. The solid line represents the fit, while the points with error bars show the
data in bins of 0.1 in cos θ. For | cos θ| > 0.7, the data are corrected for a decrease in the detection
efficiency with increasing | cos θ|.
13
1.2.4 Tau Polarisation at LEP
Even in case of unpolarised beams, the final-state fermions in e+e− → ff exhibit a non-zero
polarisation (average helicity) arising from the parity-violating coupling of the exchanged Z boson
to the initial- and final-state fermions. For final-state fermions undergoing charged weak decay,
the parity-violating nature of the charged weak decay serves as a polarisation analyser and thus
allows to measure the polarisation [77], here in case of τ+τ− production with subsequent V–A tau
decay.
At
√
s = mZ and considering only Z-boson exchange, the dependence of the polarisation on the
polar scattering angle reads:
Pτ (cos θτ−) = −
Aτ (1 + cos2 θτ−) + 2Ae cos θτ−
(1 + cos2 θτ−) +
8
3A
τ
FB cos θτ−
, (15)
where Pτ ≡ Pτ− = −Pτ+ since the τ− and τ+ have opposite helicities in Z decays. Analysis of the
differential distributions allows the separate determination of the asymmetry parameters Ae and
Aτ . The average polarisation and the forward-backward asymmetry of the polarisation are related
to the asymmetry parameters Aℓ as:
〈P0τ 〉 = − Aτ (16)
Apol,0FB = −
3
4
Ae . (17)
The analysis of the differential distribution Equation 15 in terms of both Ae and Aτ yields statis-
tically somewhat more precise results on the asymmetry parameters than using just the average
polarisation and its forward-backward asymmetry.
Each LEP experiment analysed up to five of the most important τ decay modes with high
branching fractions [78, 82, 84, 87]: τ → πν, τ → ρν, τ → a1ν, τ → eνν and τ → µνν. The tau
polarisation affects the distribution of decay angles in the rest frame of the decaying tau lepton,
which translates into a polarisation dependent energy spectrum of the decay products in the
laboratory or detector system; for example for τ → πν and τ → ℓνℓντ decays:
1
Γ
dΓ
dxπ
= 1 + Pτ (2xπ − 1) (18)
1
Γ
dΓ
dxℓ
=
1
3
[
(5− 9x2ℓ + 4x3ℓ) + Pτ (1 − 9x2ℓ + 8x3ℓ)
]
, (19)
where x denotes the fractional energy E/Eτ of the visible decay product. Distributions of kine-
matic observables of the visible τ decay products are hence used to measure the polarisation as a
function of cos θ. For multi-hadronic τ decays through intermediate mesons, such as ρ or a1, more
complicated, so-called optimal observables, ω, are used, which are designed for optimal statistical
sensitivity to the tau polarisation [91]. Example distributions are shown in Figure 1.10. The tau
polarisation is extracted by fitting a linear combination of positive and negative helicity contri-
butions, obtained from Monte-Carlo simulations [92, 93], to the observed data distribution. The
measured values of Pτ as a function of cos θτ− is shown in Figure 1.11.
For the LEP combination [69], each LEP experiment provides a result for Ae and Aτ , which
are already averaged over the experiment’s analyses [78, 82, 84, 87]. These results are reported in
Table 1.3 and compared in Figure 1.12, showing that the results from the different experiments
agree well.
Systematic errors are summarised in Table 1.4; they are generally much smaller for Ae than for
Aτ , as Ae is equivalent to a forward-backward asymmetry of the cos θ dependent tau polarisation,
whereasAτ is given by the average tau polarisation. The systematic uncertainty labelled ZFITTER
includes decay-independent systematic uncertainties arising from corrections of the experimental
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Figure 1.10: The measured distributions in the polarisation-sensitive variable for the τ → πν
decays (OPAL), τ → ρν decays (ALEPH), τ → a1ν decays (L3) and τ → µνν decays (DELPHI), in
each case integrated over the whole cos θτ− range, with ω denoting the relevant optimal observable
as discussed in the test. Overlaying this distribution are Monte Carlo distributions for the two
helicity states, and for their sum including background, assuming a value for 〈Pτ 〉 equal to the
fitted polarisation.
distributions to the pole quantities Ae and Aτ , such as QED radiative corrections, energy depen-
dence of the tau polarisation, and mass effects leading to helicity flips. These uncertainties are
calculated with ZFITTER and are treated as fully correlated between all decay channels and all
experiments in the combination. The remaining systematic errors are dependent on the specific tau
decay mode analysed and are thus treated as uncorrelated between different decay modes but as
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Figure 1.11: The values of Pτ as a function of cos θτ− as measured by each of the LEP experiments.
Only the statistical errors are shown. The values are not corrected for radiation, interference or
pure photon exchange. The solid curve overlays Equation 15 for the LEP values of Aτ and Ae.
The dashed curve overlays Equation 15 under the assumption of lepton universality for the LEP
value of Aℓ.
correlated between experiments. These errors decribe the dependence on tau branching fractions
taken from References [94, 95], affecting the purity of the data sample, the contamination of the
selected samples by background processes, mainly arising from two-photon collision processes, and
the modelling of the specific decay in hadronic tau decays [96, 97]. In all cases, the systematic
errors are much smaller than the statistical errors.
The combined LEP results for Ae and Aτ are:
Aτ = 0.1439± 0.0043 (20)
Ae = 0.1498± 0.0049 , (21)
where the average has a χ2 of 3.9 for six degrees of freedom. The correlation between the results is
+0.012. The uncertainties of both averages are still dominated by statistics, in particular for Ae,
being related to the forward-backward asymmetry of the tau polarisation. The results are in good
agreement with each other, as expected from neutral-current lepton universality. Assuming e − τ
universality, a combined value of:
Aℓ = 0.1465± 0.0033 , (22)
is obtained, where the total error contains a systematic error of 0.0015. The χ2 of this average is
4.7 for seven degrees of freedom. The above value of Aℓ corresponds to:
sin2 θlepteff = 0.23159± 0.00041 . (23)
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Table 1.3: LEP results for Aτ and Ae. The first error is statistical and the second systematic.
Experiment Aτ Ae
ALEPH 0.1451± 0.0052± 0.0029 0.1504± 0.0068± 0.0008
DELPHI 0.1359± 0.0079± 0.0055 0.1382± 0.0116± 0.0005
L3 0.1476± 0.0088± 0.0062 0.1678± 0.0127± 0.0030
OPAL 0.1456± 0.0076± 0.0057 0.1454± 0.0108± 0.0036
LEP 0.1439± 0.0035± 0.0026 0.1498± 0.0048± 0.0009
Table 1.4: The magnitude of the major common systematic errors on Aτ and Ae by category for
each of the LEP experiments.
ALEPH DELPHI L3 OPAL
δAτ δAe δAτ δAe δAτ δAe δAτ δAe
ZFITTER 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
τ branching fractions 0.0003 0.0000 0.0016 0.0000 0.0007 0.0012 0.0011 0.0003
two-photon bg 0.0000 0.0000 0.0005 0.0000 0.0007 0.0000 0.0000 0.0000
had. decay model 0.0012 0.0008 0.0010 0.0000 0.0010 0.0001 0.0025 0.0005
Al (LEP)=0.1465±0.0033
 c
2/DoF=4.7/7
ALEPH
DELPHI
L3
OPAL
A
t
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Figure 1.12: Measurements of Aτ and Ae from the four LEP experiments and the combined values.
The error bars indicate the total errors. The magnitude of the statistical error alone is indicated
by the small tick marks on each error bar.
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1.2.5 Heavy Quark Flavours b and c
Introduction
The Z lineshape analyses in the inclusive hadronic channel as discussed in Section 1.2.2 do not
separate the different quark flavours, hence do not allow the determination of individual quark
couplings. In contrast, this section describes the complex analyses required in order to isolate
samples of specific quark flavor, namely containing the heavy hadrons containing b and c quarks
arising in bb and cc production [69]. These data samples allow the determination of electroweak
observables similar to those discussed in the previous sections, namely:
R0q =
Γqq
Γhad
(24)
A0, qFB =
3
4
AeAq (25)
AqLRFB =
3
4
Aq , (26)
for the quark flavours q = b, c. The quantities R0q are measured by SLD and at LEP, A
0, q
FB is
measured at LEP, and AqLRFB is measured by SLD.
Tagging Methods
Hadrons containing heavy quarks are identified experimentally by their high mass, semileptonic
decay modes, fully or partially reconstructed decays, or long lifetime leading to secondary decay
vertices and high impact parameter tracks. Distributions of several tagging observables [98, 99,
100, 101, 102, 103, 104], comparing heavy quarks samples with light quark background, are shown
in Figure 1.13. The impact parameter is the distance of closest approach of a track to the recon-
structed interaction point or primary vertex, and is thus large for tracks originating from the decay
of long-lived hadrons. In case the secondary decay vertex is reconstructed, the siginificance of its
distance from the primary production vertex is again large for long-lived hadrons containing heavy
quarks. In case the decay vertx is measured, the mass of the decaying object is reconstructed
using a pseudo-mass technique, and used to check whether it is compatible with a heavy objects.
Semileptonic decays of heavy hadrons produce leptons with high total momentum as well as high
momentum transverse to the jet containing the decaying hadron. As an example, the performace
of the combined tagging algorithms used in the Rb analyses is reported in Table 1.5 for the five
experiments. The small beam pipe and low repetition rate of SLC allows the SLD experiment to
employ detector systems reaching superior tagging performance.
Table 1.5: Tagging performance of the different experiments as used for the Rb analyses.
ALEPH DELPHI L3 OPAL SLD
b Purity [%] 97.8 98.6 84.3 96.7 98.3
b Efficiency [%] 22.7 29.6 23.7 25.5 61.8
Partial Width Measurements
Each tagging method, applied to a hadronic jet or event hemisphere, identifies the underlying
quark flavor with a certain efficiency, tuned to be high for b and c quarks but low for uds quarks.
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Figure 1.13: Distribution of tagging variables. Top left: impact parameter significance; top
right: decay length significance and neural-net tagging output; bottom left: vertex mass; bottom
right: transverse momentum of inclusive muon arising from the decay of b- and c-flavourd hadrons
transverse to the containing jet. Monte Carlo contributions are separated according to different
quark flavours.
Since there are two jets or hemispheres in each event, the fraction of events with a single tag and
a double tag are expressed as:
fs = εbRb + εcRc + εuds(1−Rb −Rc) (27)
fd = ε
(d)
b Rb + ε
(d)
c Rc + ε
(d)
uds(1−Rb −Rc) ,
where εf is the tagging efficiency for quark flavour f. The double-tagging efficiency ε
(d)
f is written
as
ε
(d)
f = (1 + Cf)ε2f (28)
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where the correction factor Cf 6= 0 accounts for the the two hemispheres in an event being somewhat
correlated. Neglecting correlations and backgrounds, one finds Rb = f
2
s /fd independent of εb, ie,
a robust measurement. However, the neglected terms are not small and must be determined from
Monte Carlo simulations, leading to model dependencies and thus correlated systematic uncertain-
ties affecting the measurements. In multi-tag methods, several different tagging algorithms are
used simultaneously, leading to a system of linear equations similar to the above which is overcon-
strained and allows the extraction of rates as well as several efficiencies from the data, resulting in
reduced model dependence. Further detailes on the various measurements of the five experiments
are given in [105, 100, 102, 103, 106] for Rb and in [107, 108, 107, 109, 110, 109, 111, 112, 106] for
Rc.
Asymmetry Measurements
The asymmetry measurements are performed by analysing the event rate as a function of the polar
angle of the event thrust axis. This in turn requires the assignment of a charge to a quark jet or
event hemisphere. The measured asymmetry is given by:
AmeasFB =
∑
q
(2ωq − 1)ηqAqqFB , (29)
where ηq is the fraction of qq events in the sample, ωq is the probability to tag the quark charge
correctly, and the sum is taken over all quark flavours.
Various charge tagging methods are employed by the five experiments. For heavy quarks
decaying semileptonically, the charge of the lepton is correlated with the charge of the decaying
heavy quark. Independent of decay mode, the jet or vertex charge is used, constructed as the
momentum weighted sum of charges of tracks belonging to the jet or the identified secondary
decay vertex:
Qh =
∑
i qip
κ
‖i∑
i p
κ
‖i
, (30)
and where p‖ is the momentum of the track along the thrust axis, and κ is a tunable parameter
with typical values between 0.3 and 1.
A precise measurement of an asymmetry requires good charge separation (for example, semi-
leptonic decays, which however are limited by their branching fractions) and/or high statistics
(jet/vertex charge which, however, has a worse charge separation). As an example, the charge
separation δq for bb events achieved by ALEPH is shown in Figure 1.14, where:
〈QFB〉 = 〈QF −QB〉 = δqAqqFB
δq = 〈Qq −Qq¯〉 ,
which is largely measured from data, for example:(
δq
2
)2
=
〈QF ·QB〉+ ρqqσ(Q)2 + µ(Q)2
1 + ρqq
, (31)
where µ(Q) is the mean value of Q for all hemispheres and σ(Q) is its variance. Note that µ(Q)
is slightly positive due to an excess of positive hadrons in secondary hadronic interactions. Only
the hemisphere correlations, ρqq, which arise from charge conservation, hard gluon radiation and
other small effects, must be taken from simulation.
The resulting differential distributions in polar angle are shown in Figures 1.15 and 1.16 for
the forward-backward and left-right forward-backward asymmetry in bb production, respectively.
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Figure 1.14: Charge separation of the ALEPH neural net tag using jet charge, vertex charge and
charged kaons [113]. The asymmetry reflects AbbFB diluted by the non-perfect charge tagging.
These distributions, evaluated in terms of the expected asymmetries between bins at ± cos θ:
AqqFB(cos θ) =
8
3
AqqFB
cos θ
1 + cos2 θ
(32)
AqqLRFB(cos θ) = |Pe|Aq
2 cos θ
1 + cos2 θ
, (33)
allow to determine A0, qFB and Aq, respectively. The analyses of the four LEP experiments are
described in detail in [114, 113, 115, 117, 118, 119, 121, 122, 123, 124] for b quarks, and in [114,
125, 115, 117, 119, 123, 124] for c quarks, while the SLD results for the polarised asymmetries are
decscirbed in [126, 128, 130, 131] and in [126, 132, 131], respectively.
Corrections and Systematic Uncertainties
The various flavour and charge tagging analyses neccessarily depend on assumptions about the
fragmentation of heavy quarks and decays of hadrons containg these quarks. This leads to non-
trivial correlations between the results of the LEP and SLD experiments, which have to be taken
into account in a combination, as well as to a dependence on additional model parameters. In order
to derive consistent and correct averages in a fit to the experimental results, the five experiments
have agreed on a common set of values for external parameters and their associated uncertainties.
The associated uncertainties are propagated to all results using parametrised dependencies.
Additional observables besides the six electroweak observables are included in the combination
procedure as well in case they are also measured by the five experiments and correlated to the
main analyses. These additional fit parameters are:
• the probability that a c-quark fragments into a D∗+ that decays into D0π+: P (c→ D∗+)×
B(D∗+ → π+D0), denoted P (c→ D∗+→ π+D0) in the following,
• the fraction of charm hemispheres fragmenting into a specified weakly-decaying charmed
hadron: f(D+), f(Ds), f(cbaryon),
3
3 The quantity f(D0) is calculated from the constraint f(D0) + f(D+) + f(Ds) + f(cbaryon) = 1.
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udsc background in the sample estimated from Monte Carlo.
• the prompt and cascade semileptonic branching fraction of the b-hadrons B(b→ ℓ−)4 and
B(b→ c→ ℓ+) and the prompt semileptonic branching fraction of the c-hadrons B(c→ ℓ+),
• the B0B0 effective mixing parameter χ, which is the probability that a semileptonically
decaying b-quark has been produced as an anti-b-quark.
4 Unless otherwise stated, charge conjugate modes are always included.
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Small corrections have to be applied to the raw experimental results. The Rb and Rc analyses
measure ratios of production rates, Rq = σqq¯/σhad. To obtain the ratios of partial widths R
0
q =
Γqq¯/Γhad, corrections for photon exchange and γ–Z interference must be applied. These corrections
are small, typically +0.0002 for Rb and −0.0002 for Rc depending slightly on the invariant mass
cutoff of the qq¯-system imposed in the analysis. Corrections of similar origin have to be applied
to the asymmetries, as even the data denoted “peak”, taken at the maximum annihilation cross
section, is at a
√
s value slightly different from mZ while the asymmetries are strongly varying as
a function of energy. These corrections on the asymmetries are summarised in Table 1.6.
Table 1.6: Corrections to be applied to the quark asymmetries as A0, qFB = A
qq
FB(pk) + δAFB. The
row labelled “other” denotes corrections due to γ exchange, γ–Z interference, quark-mass effects
and imaginary parts of the couplings. The uncertainties of the corrections are negligible.
Source δAbbFB δA
cc
FB√
s = mZ −0.0014 −0.0035
QED corrections +0.0039 +0.0107
other −0.0006 −0.0008
Total +0.0019 +0.0064
However, for the asymmetries, the largest corrections are those for QCD effects, which are,
in contrast to the case of partial widths, by construction not absorbed in the definition of the
electroweak asymmetry parameters. The dominant QCD corrections arise from gluon radiation
and depend on whether the jet axis or thrust axis is used to determine the polar angle in the
analysis. The QCD corrections on the asymmetries are written as follows [133]:(
AqqFB
)
meas
= (1− CQCD)
(
AqqFB
)
noQCD
(34)
=
(
1− αs(m
2
Z)
π
c1 −
(
αs(m
2
Z)
π
)2
c2
)(
AqqFB
)
noQCD
.
The first-order corrections are known including mass effects [134]. Taking the thrust axis as the
direction and using the pole mass, they are c1 = 0.77 for A
bb
FB and c1 = 0.86 for A
cc
FB. The second-
order corrections have been recalculated in [135] and [136]; the second order coefficients used are
c2 = 5.93 for A
bb
FB and c2 = 8.5 for A
cc
FB. The final QCD correction coefficients, including further
corrections due to fragmentation effects and using the thrust axis as reference direction (Chad,TQCD ),
are Chad,TQCD = 0.0354± 0.0063 for AbbFB and Chad,TQCD = 0.0413± 0.0063 for AccFB. The breakdown of
the errors relating to the QCD corrections is given in Table 1.7.
Table 1.7: Error sources for the QCD corrections to the forward-backward asymmetries.
Error on Chad,TQCD bb cc
Higher orders [136] 0.0025 0.0046
Mass effects [133] 0.0015 0.0008
Higher order mass [136] 0.005 0.002
αs = 0.119± 0.003 0.0012 0.0015
Hadronisation [133] 0.0023 0.0035
Total 0.0063 0.0063
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Table 1.8: The dominant error sources for the heavy-flavour electroweak parameters from the
14-parameter fit, see text for details. The total systematic error is separated into a contribution
uncorrelated between the measurements, and in several components which are correlated between
measurements, as resulting from the combination procedure.
Source R0b R
0
c A
0, b
FB A
0, c
FB Ab Ac
[10−3] [10−3] [10−3] [10−3] [10−2] [10−2]
statistics 0.44 2.4 1.5 3.0 1.5 2.2
internal systematics 0.28 1.2 0.6 1.4 1.2 1.5
QCD effects 0.18 0 0.4 0.1 0.3 0.2
B(D → neut.) 0.14 0.3 0 0 0 0
D decay multiplicity 0.13 0.6 0 0.2 0 0
B decay multiplicity 0.11 0.1 0 0.2 0 0
B(D+ → K−π+π+) 0.09 0.2 0 0.1 0 0
B(Ds → φπ+) 0.02 0.5 0 0.1 0 0
B(Λc →p K−π+) 0.05 0.5 0 0.1 0 0
D lifetimes 0.07 0.6 0 0.2 0 0
B decays 0 0 0.1 0.4 0 0.1
decay models 0 0.1 0.1 0.5 0.1 0.1
non incl. mixing 0 0.1 0.1 0.4 0 0
gluon splitting 0.23 0.9 0.1 0.2 0.1 0.1
c fragmentation 0.11 0.3 0.1 0.1 0.1 0.1
light quarks 0.07 0.1 0 0 0 0
beam polarisation 0 0 0 0 0.5 0.3
total correlated 0.42 1.5 0.4 0.9 0.6 0.4
total error 0.66 3.0 1.6 3.5 2.0 2.7
The dominant sources of systematic errors in the determination of the six electroweak observ-
ables are reported in Table 1.8. For the two partial width observables, the systematic errors are
of similar size to the statistical errors. In contrast, the four asymmetry measurements are by far
statistically dominated.
Combined Results
The heavy flavour results are combined using a χ2 minimisation [137]. In a first analysis to the
set of experimental results, the forward-backward asymmetry measurements at LEP are corrected
to three common centre-of-mass energy points, corresponding to the “peak” of the Z resonance
curve, and “peak±2 GeV” [69]. The asymmetry measurements are compared to the expectation as
a function of
√
s in Figure 1.17. Good agreement with the expected
√
s dependence is observed.
In a second analysis, the off-peak forward-backward asymmetry measurements are all trans-
ported to the “peak” centre-of-mass energy [69]. The peak asymmetries in bb and cc production
are then corrected [138] to the corresponding pole quantity A0, qFB using ZFITTER, recall Table 1.6.
The results of the corresponding 14-parameter fit are reported in Tables 1.9 and 1.10.
The main measurements of the experiments used in the determination of the six electroweak ob-
servables are compared in Figures 1.18 to 1.20. For each electroweak observable, the measurements
of the five experiments are very consistent. This is also reflected in the overall χ2 of the fit, which
is 53 for 105− 14 degrees of freedom. The small χ2/dof is largely a result of statistical effects and
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Figure 1.17: Dependence of of AbFB and A
c
FB on the centre-of-mass energy
√
s. The solid line
represents the SM prediction for mt = 178GeV, mH = 300GeV, the upper (lower) dashed line is
the prediction for mH = 100 (1000)GeV. The measurements are shown for the three main energies.
systematic errros evaluated conservatively. For example, the forward-backward asymmetry mea-
surements, all statisticaly dominated, show very consistent central values. For the partial width
measurements, several systematic uncertainties are evaluated by comparing test quantities between
data as weall as between model simulations. Even if no effect is found or expected, the statistical
errors of these tests are taken as systematic uncertainties.
The consistency of the combined results with the expectations calculated within the SM is shown
in Figures 1.21 and 1.22, including the consistency between the forward-backward and forward-
backward left-right asymmetry results. Note that the asymmetries are in perfect agreement with
the SM expectation for high masses of the Higgs boson, in contrast to the leptonic quantities
discussed in the previous sections which prefer a much lower Higgs-boson mass. This different
behaviour has consequences for joint analyses of all results as presented in Sections 1.2.7 and 1.6.
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Table 1.9: The results of the 14-parameter fit to the LEP/SLD heavy flavour data.
Observable Result
R0b 0.21629± 0.00066
R0c 0.1721± 0.0030
A0, bFB 0.0992± 0.0016
A0, cFB 0.0707± 0.0035
Ab 0.923± 0.020
Ac 0.670± 0.027
B(b→ ℓ−) 0.1071± 0.0022
B(b→ c→ ℓ+) 0.0801± 0.0018
B(c→ ℓ+) 0.0969± 0.0031
χ 0.1250± 0.0039
f(D+) 0.235± 0.016
f(Ds) 0.126± 0.026
f(cbaryon) 0.093± 0.022
P (c→ D∗+→ π+D0) 0.1622± 0.0048
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Table 1.10: The correlation matrix for the set of the 14 heavy flavour parameters. B(1), B(2)
and B(3) denote B(b→ ℓ−), B(b→ c→ ℓ+) and B(c→ ℓ+) respectively, P denotes P (c→ D∗+→
π+D0).
Rb Rc A
0, b
FB
A
0, c
FB
Ab Ac B(1) B(2) B(3) χ f(D
+) f(Ds) f(cbar.) P
Rb 1.00
Rc −0.18 1.00
A
0, b
FB
−0.10 0.04 1.00
A
0, c
FB
0.07 −0.06 0.15 1.00
Ab −0.08 0.04 0.06 −0.02 1.00
Ac 0.04 −0.06 0.01 0.04 0.11 1.00
B(1) −0.08 0.05 −0.01 0.18 −0.02 0.02 1.00
B(2) −0.03 −0.01 −0.06 −0.23 0.02 −0.04 −0.24 1.00
B(3) 0.00 −0.30 0.00 −0.21 0.03 −0.02 0.01 0.10 1.00
χ 0.00 0.02 0.11 0.08 0.06 0.00 0.29 −0.23 0.16 1.00
f(D+) −0.15 −0.10 0.01 −0.04 0.00 0.00 0.04 0.02 0.00 0.02 1.00
f(Ds) −0.03 0.13 0.00 −0.02 0.00 0.00 0.01 0.00 −0.01 −0.01 −0.40 1.00
f(cbar.) 0.11 0.18 −0.01 0.04 0.00 0.00 −0.02 −0.01 −0.02 0.00 −0.24 −0.49 1.00
P 0.13 −0.43 −0.02 0.04 −0.02 0.02 −0.01 0.01 0.13 0.00 0.08 −0.06 −0.14 1.00
LEP+SLD 0.21629 ± 0.00066
SLD vtx mass
    1993-98
0.21576 ± 0.00094 ± 0.00076
OPAL mult
    1992-95
0.2176 ± 0.0011 ± 0.0012
L3 mult
    1994-95
0.2166 ± 0.0013 ± 0.0025
DELPHI mult
    1992-95
0.21643 ± 0.00067 ± 0.00056
ALEPH mult
    1992-95
0.2158 ± 0.0009 ± 0.0009
0.214 0.216 0.218
Rb
LEP+SLD 0.1721 ± 0.0030
OPAL
charm count. 1991-93
0.164 ± 0.012 ± 0.016
DELPHI
charm count. 1991-95
0.1693 ± 0.0050 ± 0.0092
ALEPH
charm count. 1991-95
0.1735 ± 0.0051 ± 0.0110
SLD
mass+lifetime 1993-98
0.1741 ± 0.0031 ± 0.0020
OPAL
D-meson 1990-95
0.177 ± 0.010 ± 0.012
DELPHI
D-meson 1991-95
0.161 ± 0.010 ± 0.009
ALEPH
D-meson 1991-95
0.1682 ± 0.0082 ± 0.0082
ALEPH
lepton 1992-95
0.1685 ± 0.0062 ± 0.0080
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R
c
Figure 1.18: R0b and R
0
c measurements used in the heavy flavour combination, corrected for their
dependence on parameters evaluated in the multi-parameter fit described in the text. The dotted
lines indicate the size of the systematic error.
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LEP 0.0992 ± 0.0016
OPAL
inclusive 1991-2000
0.0994 ± 0.0034 ± 0.0018
L3
jet-chg 1994-95
0.0948 ± 0.0101 ± 0.0056
DELPHI
inclusive 1992-2000
0.0978 ± 0.0030 ± 0.0015
ALEPH
inclusive 1991-95
0.1010 ± 0.0025 ± 0.0012
OPAL
leptons 1990-2000
0.0977 ± 0.0038 ± 0.0018
L3
leptons 1990-95
0.1001 ± 0.0060 ± 0.0035
DELPHI
leptons 1991-95
0.1025 ± 0.0051 ± 0.0024
ALEPH
leptons 1991-95
0.1003 ± 0.0038 ± 0.0017
0.08 0.09 0.1
A
FB
0,b
LEP 0.0707 ± 0.0035
OPAL
D* 1991-95
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Figure 1.19: A0, bFB and A
0, c
FB measurements used in the heavy flavour combination, corrected for
their dependence on parameters evaluated in the multi-parameter fit described in the text. The
A0, bFB measurements with D-mesons do not contribute significantly to the average and are not shown
in the plots. The experimental results combine the different centre of mass energies. The dotted
lines indicate the size of the systematic error.
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Figure 1.20: Ab and Ac measurements used in the heavy flavour combination, corrected for their
dependence on parameters evaluated in the multi-parameter fit described in the text. The dotted
lines indicate the size of the systematic error.
28
0.8
0.85
0.9
0.95
1
0.55 0.6 0.65 0.7 0.75
SM
LEP
SLD
68% c.l.
Ac
A
b
Figure 1.21: Contours in the Ac-Ab plane and ratios of forward-backward asymmetries from the
SLD and LEP, corresponding to 68 % confidence levels assuming Gaussian systematic errors. The
SM prediction is shown for the same parameters as used for Figure 1.22.
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Figure 1.22: Contours in the A0, cFB -A
0, b
FB and R
0
c -R
0
b planes from the LEP and SLD data, corre-
sponding to 68 % confidence levels assuming Gaussian systematic errors. The SM prediction for
mt = 170.9± 1.8GeV, mH = 300+700−186GeV and ∆α(5)had(m2Z) = 0.02758± 0.00035 is also shown.
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1.2.6 Inclusive Hadronic Charge Asymmetry
The hadronic final state occurs in Z boson production with a fraction of about 70%. The deter-
mination of the inclusive hadronic partial decay width of the Z boson described in Section 1.2.2
does not attempt to separate the quark flavours. In a similar manner, a high-statistics inclu-
sive forward-backward charge asymmetry can be defined, avoiding heavy-quark tagging and hence
based on charge flow rather than flavour flow. The inclusive hadronic forward-backward charge
asymmetry, averaged over all quark flavours u, d, s, c and b, is measured through the charges of
jets or hemispheres associated to the primary quark-antiquark pair:
〈QFB〉 =
∑
q 6=t
RqA
qq
FB sign(Qq) , (35)
where Qq is the electric charge of quark flavour q. Since A
qq
FB denotes the flavour forward-backward
asymmetry, up-type quarks and down-type quarks contribute with opposite sign to the forward-
backward charge asymmetry. The charge separation, ie, the difference of the measured charges of
the two hadronic jets, indicates how well the detector can separate charges in order to achieve a
significant asymmetry measurement. As an example, the distribution of jet charges in the inclusive
analysis of the L3 experiment is shown in Figure 1.23.
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Figure 1.23: The Q+ and Q− distributions obtained from Monte Carlo simulation by L3. Their
sum is compared to the sum of the QF +QB ≡ Q+ +Q− distributions for 1994 data.
Using the SM dependence of Rq and A
qq
FB in terms of the effective electroweak mixing angle, the
analyses [139, 140, 121, 141] of the forward-backward charge asymmetry are directly expressed in
terms of sin2 θlepteff . The results listed in Table 1.11 agree very well. Taking correlated uncertainties
into account, the combined result is [69]:
sin2 θlepteff = 0.2324± 0.0012 , (36)
The total error is dominated by systematic effects amounting to 0.0010. The largest systematic
uncertainties arise from the model input required to describe the properties of jets created in the
fragmentation of light quarks and thus the description of the charge separation achievable. Note
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that the correlation of this measurement with the asymmetry measurements of identified heavy-
flavour samples presented in Section 1.2.5 is negligible. Since the inclusive charge separation is
worse compared to that of identified qq flavours, and due to the larger model dependence, the
resulting measurement of sin2 θlepteff is of limited precision compared to the measurements with
leptonic or heavy-quark final states.
Table 1.11: Determination of sin2 θlepteff from inclusive hadronic charge asymmetries at LEP. For
each experiment, the first error is statistical and the second systematic. Also listed is the correlation
matrix for the total errors, summing statistical and systematic uncertainties in quadrature, used
in the average of QhadFB results.
Experiment sin2 θlepteff Correlations
ALEPH (1990-94) 0.2322± 0.0008± 0.0011 1.00
DELPHI (1990-91) 0.2345± 0.0030± 0.0027 0.12 1.00
L3 (1991-95) 0.2327± 0.0012± 0.0013 0.27 0.13 1.00
OPAL (1990-91) 0.2321± 0.0017± 0.0029 0.14 0.37 0.15 1.00
LEP Average 0.2324± 0.0007± 0.0010
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1.2.7 Z Boson Properties and Effective Couplings
The results presented above are derived in largely model independent analyses and are quoted in
terms of experimentally motivated pseudo observables defined such that correlations between them
are reduced. Other familiar pseudo observables, such as partial decay widths, effective vector and
axial-vector coupling constants, or the effective electroweak mixing angle, can easily be derived
through parameter transformations [69] and are presented in the following.
Z-Boson Decay Widths and Number of Neutrinos
A first example is given by the partial decay widths of the Z boson. The results, derived from
the ratios of partial widths determined above, are reported in Table 1.12. The invisible decay
width, i.e., the decay width for Z decays into invisible particles such as neutrinos, is included and
calculated as the difference between the total decay width and the sum of all visible decay width
caused by decays into hadrons and charged leptons. Assuming only SM particles, the invisible
decay width constrains the number of light neutrino species to:
Nν =
Γinv
Γℓℓ
(
Γℓℓ
Γνν
)
SM
= 2.9840± 0.0082 , (37)
in agreement with the three known neutrino species, excluding the existence of additional families
or generations of fermions with light neutrinos. Using ratios in the above equation is advantageous
because the first ratio is determined with higher precision experimentally, and in the SM calculation
of the second ratio, many parametric uncertainties cancel.
Table 1.12: Partial Z decay widths, derived from the results of Tables 1.1, 1.9 and 1.10. The width
denoted as ℓ+ℓ− is that of a single charged massless lepton species. The width to invisible particles
is calculated as the difference of total and all other partial widths.
Parameter Average Correlations
Γff [MeV]
Without Lepton Universality
Γhad Γee Γµµ Γττ Γbb Γcc Γinv
Γhad 1745.8 ± 2.7 1.00
Γee 83.92 ± 0.12 −0.29 1.00
Γµµ 83.99 ± 0.18 0.66 −0.20 1.00
Γττ 84.08 ± 0.22 0.54 −0.17 0.39 1.00
Γbb 377.6 ± 1.3 0.45 −0.13 0.29 0.24 1.00
Γcc 300.5 ± 5.3 0.09 −0.02 0.06 0.05 −0.12 1.00
Γinv 497.4 ± 2.5 −0.67 0.78 −0.45 −0.40 −0.30 −0.06 1.00
With Lepton Universality
Γhad Γℓℓ Γbb Γcc Γinv
Γhad 1744.4 ± 2.0 1.00
Γℓℓ 83.985 ± 0.086 0.39 1.00
Γbb 377.3 ± 1.2 0.35 0.13 1.00
Γcc 300.2 ± 5.2 0.06 0.03 −0.15 1.00
Γinv 499.0 ± 1.5 −0.29 0.49 −0.10 −0.02 1.00
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The Asymmetry Parameters
The forward-backward asymmetries determine products of the asymmetry parameters, A0, fFB =
(3/4)AeAf , while the polarised asymmetries measure Af directly. Using all measurements deter-
mining any (combination of) leptonic asymmetry parameters, combined values are calculated and
reported in Table 1.13. The results for the different charged lepton species agree well as expected
from lepton universality. With this assumption, a combined value of
Aℓ = 0.1501± 0.0016 (38)
is obtained, where this average has a χ2/dof of 7.8/9, corresponding to a probability of 56%.
Table 1.13: Results on the leptonic asymmetry parameters Aℓ using the 14 electroweak measure-
ments of Tables 1.1 and 1.2, and Equations 20 and 21. The combination has a χ2/dof of 3.6/5,
corresponding to a probability of 61%.
Parameter Average Correlations
Ae Aµ Aτ
Ae 0.1514±0.0019 1.00
Aµ 0.1456±0.0091 −0.10 1.00
Aτ 0.1449±0.0040 −0.02 0.01 1.00
Using this combined value of the leptonic asymmetry parameter Aℓ, the mutual consistency
of the heavy-flavour measurements A0, qFB = (3/4)AℓAq and Aq is shown in Figure 1.24. While
the bands show good overlap for c quarks, the b-quark case exhibits some tension between the
measurements. This is made strikingly obvious by extracting the asymmetry parameter Ab from
the forward-backward asymmetry measurement using the above value of Aℓ: Ab = (4/3)A0,bFB /Aℓ.
All Aq determinations are compared in Table 1.14, together with the SM expectation. While there
is good agreement for c quarks, the ratio Ab = (4/3)A0,bFB /Aℓ shows a 3.2 standard deviation
discrepancy from the SM expectation; a consequence of the same effect as discussed towards the
end of Section 1.2.5. The numerical results of the joint analysis in terms of asymmetry parameters
are in reported in Table 1.15.
Table 1.14: Determination of the quark asymmetry parametersAq, based on the ratio A0, qFB /Aℓ and
the direct measurement AqLRFB. Lepton universality for Aℓ is assumed. The correlation between
4A0, bFB /3Aℓ and 4A0, cFB/3Aℓ is +0.24, while it is +0.11 between the direct measurements Ab and
Ac. The expectation of Aq in the SM is listed in the last column.
Flavour q Aq = 43
A
0, q
FB
Aℓ
Direct Aq SM
b 0.881±0.017 0.923±0.020 0.935±0.001
c 0.628±0.032 0.670±0.027 0.668±0.002
Effective Couplings of the Neutral Weak Current
The electroweak measurements presented above determine asymmetry parameters Af , their prod-
ucts such as A0, fFB = (3/4)AeAf , as well as ratios of partial decay widths. In terms of effective
33
0.8
0.9
1
0.14 0.145 0.15 0.155
Al
 
 
 
 
 
 
 
 
 
 
A b
68.3  95.5  99.5  % CL
SM
0.55
0.65
0.75
0.14 0.145 0.15 0.155
Al
 
 
 
 
 
 
 
 
 
 
A c
68.3  95.5  99.5  % CL
SM
Figure 1.24: Comparison of the measurements ofAℓ, Aq and A0, qFB for (top) b-quarks, and (bottom)
c-quarks, assuming lepton universality. Bands of ±1 standard deviation width in the (Aℓ,Aq)
plane are shown for the measurements of Aℓ (vertical band), Aq (horizontal band), and A0, qFB =
(3/4)AeAq (diagonal band). Also shown are the 68%, 95% and 99.5% confidence level contours for
the two asymmetry parameters resulting from the joint analysis (Table 1.15). The arrows pointing
to the right and to the left show the variation in the SM prediction for varying ∆α
(5)
had(m
2
Z) in the
range 0.02758 ± 0.00035 (arrow displaced vertically upwards), mH in the range of 300+700−186 GeV,
and mt in the range 170.9± 1.8 GeV (arrow displaced vertically downwards). All arrows point in
the direction of increasing values of these parameters.
Table 1.15: Results on the quark asymmetry parameters Aq and the leptonic asymmetry pa-
rameter Aℓ assuming neutral-current lepton universality using the 13 electroweak measurements
of Tables 1.1, 1.9 and 1.10, and Equations 13 and 22. The combination has a χ2/dof of 4.5/4,
corresponding to a probability of 34%.
Parameter Average Correlations
Aℓ Ab Ac
Aℓ 0.1489±0.0015 1.00
Ab 0.899±0.013 −0.42 1.00
Ac 0.654±0.021 −0.10 0.15 1.00
vector and axial-vector coupling constants of the neutral weak current, gVf and gAf , the asym-
metry parameters Af depend only on the ratio gVf/gAf , while partial widths are proportional to
g2Vf + g
2
Af . Hence, the combined set of measurements allows to disentangle the effective coupling
constants gVf and gAf .
Results for the leptonic couplings are reported in Tables 1.16. The values for the three charged
leptons agree well as expected from neutral-curent lepton universality. This is also shown in Fig-
ure 1.25. Imposing lepton universality results with increased precision are obtained and reported
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in Table 1.17. Including also the results on heavy quarks, the results are listed in Table 1.18.
The value of the leptonic axial coupling gAℓ is different from the corresponding Born-level value of
T ℓ3 = −1/2 by 4.8 standard deviations, indicating the presence of non-QED electroweak radiative
corrections. The contour curves corresponding to the quark couplings are presented in Figure 1.26.
The difference between b-quark couplings and the SM expectation is caused by the b-quark asym-
metry parameter extracted from the forward-backward asymmetry as discussed above.
Table 1.16: Results on the effective coupling constants for leptons, using the 14 electroweak mea-
surements of Tables 1.1 and 1.2, and Equations 20 and 21. The combination has a χ2/dof of 3.6/5,
corresponding to a probability of 61%.
Parameter Average Correlations
gAν gAe gAµ gAτ gVe gVµ gVτ
gAν ≡ gVν +0.5003±0.0012 1.00
gAe −0.50111±0.00035 −0.75 1.00
gAµ −0.50120±0.00054 0.39 −0.13 1.00
gAτ −0.50204±0.00064 0.37 −0.12 0.35 1.00
gVe −0.03816±0.00047 −0.10 0.01 −0.01 −0.03 1.00
gVµ −0.0367±0.0023 0.02 0.00 −0.30 0.01 −0.10 1.00
gVτ −0.0366±0.0010 0.02 −0.01 0.01 −0.07 −0.02 0.01 1.00
Table 1.17: Results on the effective coupling constants for leptons, using the 14 electroweak mea-
surements of Tables 1.1 and 1.2, and Equations 20 and 21. Lepton universality is imposed. The
combination has a χ2/dof of 7.8/9, corresponding to a probability of 56%.
Parameter Average Correlations
gν gAℓ gVℓ
gAν ≡ gVν +0.50076±0.00076 1.00
gAℓ −0.50123±0.00026 −0.48 1.00
gVℓ −0.03783±0.00041 −0.03 −0.06 1.00
The Effective Electroweak Mixing Angle
The effective electroweak mixing angle is in one to one correspondence with the ratio gVf/gAf
and thus the asymmetry parameters Af . Owing to the values of weak isospin and electric charge,
the leptonic asymmetry parameter Aℓ shows the largest sensitivity to the mixing angle, and is
thus determined with highest precision even in case of heavy-quark forward-backward asymmetry
measurements.
The comparison of all sin2 θlepteff values derived from asymmetry measurements is shown in
Figure 1.27. The average of these six sin2 θlepteff determinations is:
sin2 θlepteff = 0.23153± 0.00016 , (39)
where the average has a χ2/dof of 11.8/5, corresponding to a probability of only 3.7%. This large
χ2/dof value is caused by the two most precise determinations of sin2 θlepteff , the measurements
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Table 1.18: Results on the effective coupling constants for leptons and quarks assuming neutral-
current lepton universality, using the 13 electroweak measurements of Tables 1.1, 1.9 and 1.10, and
Equations 13 and 22. The combination has a χ2/dof of 4.5/4, corresponding to a probability of
34%.
Parameter Average Correlations
gAν gAℓ gAb gAc gVℓ gVb gVc
gAν ≡ gVν +0.50075±0.00077 1.00
gAℓ −0.50125±0.00026 −0.49 1.00
gAb −0.5144±0.0051 0.01 −0.02 1.00
gAc +0.5034±0.0053 −0.02 −0.02 0.00 1.00
gVℓ −0.03753±0.00037 −0.04 −0.04 0.41 −0.05 1.00
gVb −0.3220±0.0077 0.01 0.05 −0.97 0.04 −0.42 1.00
gVc +0.1873±0.0070 −0.01 −0.02 0.15 −0.35 0.10 −0.17 1.00
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Figure 1.25: Comparison of the effective vector and axial-vector coupling constants for leptons
(Tables 1.16 and 1.17). The shaded region in the lepton plot shows the predictions within the SM
for mt = 170.9± 1.8 GeV and mH = 300+700−186 GeV; varying the hadronic vacuum polarisation by
∆α
(5)
had(m
2
Z) = 0.02758± 0.00035 yields an additional uncertainty on the SM prediction shown by
the arrow labeled ∆α.
of Aℓ by SLD, dominated by the A0LR result, and of A0, bFB at LEP. These two measurements fall
on opposite sides of the average and differ by 3.2 standard deviations. This is a consequence of
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Figure 1.26: Comparison of the effective vector and axial-vector coupling constants for heavy
quarks, using results on leptons and assuming lepton universality (Table 1.18). Top: b quarks;
bottom: c quarks. Compared to the experimental uncertainties, the SM predictions for the heavy
quarks b and c have negligible dependence on the SM input parameters.
the same effect as discussed above: the deviation in b-quark couplings is reflected in the value of
sin2 θlepteff extracted from A
0, b
FB .
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Figure 1.27: Comparison of the effective electroweak mixing angle sin2 θlepteff derived from measure-
ments depending on lepton couplings only (top) and also quark couplings (bottom). Also shown
is the SM prediction for sin2 θlepteff as a function of mH. The additional uncertainty of the SM
prediction is parametric and dominated by the uncertainties in ∆α
(5)
had(m
2
Z) and mt, shown as the
bands. The total width of the band is the linear sum of these effects.
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1.3 The W Boson
1.3.1 W Bosons at Hadron Colliders
Production of W Bosons
At hadron colliders, W and Z bosons are produced by quark-antiquark fusion, pp → W+XW
and pp → Z + XZ, where XV, V = W,Z, denotes the pp remnant recoiling against the heavy
intermediate vector boson V. Owing to the hadronic event environment and overwhelming back-
ground of QCD multi-jet production, only events where the Z or W decay into leptons can be
selected: W→ ℓνℓ and Z→ ℓ+ℓ−. The lowest-order Feynman diagrams on parton level for W and
Z production with subsequent leptonic decay are shown in Figure 1.28.
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Figure 1.28: Feynman diagrams of W and Z production and decay in pp collisions on parton level.
In 1983, the W and Z bosons were discovered [142, 144] in pp collisions by the experiments
UA1 and UA2 taking data at CERN’s SPS collider at a centre-of-mass energy between 0.5 TeV
and 0.6 TeV. In total, a few hundred events were eventually observed. The experiments CDF and
DØ, taking data at the Tevatron accelerator providing pp collisions with a centre-of-mass energy
of 1.8 TeV in Run-I, have observed several 10,000 leptonic W and Z decays using the complete
Run-I data of about 100pb−1 for each experiment.
Determination of W-Boson Mass and Width
Owing to the neutrino in W decays, and loss of remnant particles along the beam axis, the kine-
matics of the W boson can not be fully reconstructed. However, the kinematics is closed when
observed in the plane transverse to the beam axis and in case the transverse part of the hadronic
recoil X is measured. For this reason, the W-boson mass and width analyses exploit kinematic
variables measured in the transverse plane only: (i) EℓT , the transverse energy of the charged lep-
ton, (ii) EνT , the missing transverse energy - solely given by the transverse energy of the neutrino
in the ideal case, and (iii) m2T , the transverse mass of the reconstructed W boson calculated as:
m2T (ℓ, ν) = 2E
ℓ
TE
ν
T (1− cosφℓν) ≤ m2inv(ℓ, ν) = m2W , (40)
where the angle φℓν denotes the azimuthal opening angle between the direction of the lepton
momentum and the missing-energy vector (neutrino) in the transverse plane. The distributions of
all three quantities are affected by the mass and total decay width of the W boson, allowing to
measure these quantities.
The transverse mass is always smaller than the invariant mass of the decaying W boson. It
approaches the invariant mass when the W boson decay products lie in the transverse plane. This
cutoff or Jacobian peak allows the W mass to be extracted from the position of the upper edge
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of the transverse mass distribution. The result is more precise than that derived from the other
distributions. The transverse mass distribution also facilitates the measurement of the total width
of the W boson. A non-zero total decay width effectively leads to a smearing, since the decaying
W bosons have an invariant mass distributed according to a Breit-Wigner functional form. Since
a Breit-Wigner falls off more slowly than Gaussian resolution effects, the number of W events with
measured transverse mass above the nominal cut-off of mW depends strongly on the total width
of the W boson.
The distributions of the reconstructed transverse mass for W → eνe events from DØ [146,
147] and W → µν events from CDF [148] are shown in Figure 1.29. DØ selects electrons in
a range of pseudo rapidity |η| ≤ 2.5, while CDF selects electrons and muons up to |η| ≤ 1.
The region in transverse mass analysed for mW is extended around the Jacobian peak to include
normalisation information. The results on mW obtained by CDF and DØ based on all Run-I data
are in good agreement: mW = 80.433± 0.079 GeV [148] and mW = 80.483± 0.084 GeV [146, 147],
respectively. The contributions to the total uncertainty of each measurement are reported in
Table 1.19. The dominant systematic error arises from the calibration of the lepton energy scale.
Since this calibration is derived from data analysing π0 → γγ and J/Ψ/Υ/Z→ ℓ+ℓ− decays, it
will decrease along with the statistical error of the measurements with the increased data samples
collected in Run-II, as shown by the very recent CDF result obtained from 200/pb of Run-II data:
mW = 80.413± 0.048 [149].
The principle of the width measurement is shown in Figure 1.30. The integral of the high-end
tail in the transverse mass distribution depends on ΓW. The width results from Run-I data are
ΓW = 2.05± 0.13 GeV (CDF [150, 151]) and ΓW = 2.231+0.175−0.170 GeV (DØ [152]). The preliminary
analysis from the DØ collaboration based on Run-II data and shown in Figure 1.30 yields ΓW =
2.011± 0.142 GeV [153]. The contributions of systematic uncertainties to the total uncertainty of
each measurement are listed in Table 1.20.
The combination [154, 155] of the mass and width results from Run-I and Run-II yields the
values:
mW = 80.429± 0.039 GeV (41)
ΓW = 2.078± 0.087 GeV . (42)
Both results are dominated by statistics, and many systematic uncertainties, for example energy
calibration effects, will also decrease with increased luminosity collected in Run-II.
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Figure 1.29: Distributions of the reconstructed transverse mass from events collected in Run-I.
Left: W → eνe events from DØ; right: W → µν events from CDF. The solid line shows the fit
result including background. The arrows indicate the fit region. The shaded part denotes the
background.
Table 1.19: Systematic uncertainties in the measurements of the mass of the W boson by the
Tevatron experiments CDF and DØin Run-I. All numbers are in MeV. The first group denotes un-
correlated uncertainties, the second group denotes uncertainties correlated between measurements.
Source DØ e CDF e CDF µ
W statistics 60 65 100
Lepton energy scale 56 75 85
Lepton energy resolution 19 25 20
W transverse momentum 15 15 20
Recoil model 35 37 35
Selection 12 – 18
Background 9 5 25
PDF and parton luminosity 7⊕4 15
Radiative corrections 12 11
ΓW 10 10
41
1
10
102
103
104
40 60 80 100 120 140 160 180 200
mT (GeV)
Ev
en
ts
/ 5
 G
eV G W = 1.6 GeV
G W = 2.1 GeV
G W = 2.6 GeV
D0 data
Shaded - background
Figure 1.30: Distribution of the reconstructed transverse mass in W → eνe events collected by
DØ in Run-II, showing predicted curves for various values of ΓW. The shaded part denotes the
background.
Table 1.20: Summary of the five measurements of ΓW performed by CDF and DØ. All numbers
are in MeV. For the systematic uncertainties, the first group denotes uncorrelated uncertainties
and the second group denotes uncertainties correlated between measurements.
Run-I Run-II
CDF DØ DØ
e (Ia) e (Ib) µ e e
Result 2110 2175 1780 2231 2011
Stat. 280 125 195 142 93
E-scale 42 20 15 42 23
Non-lin - 60 5 - -
Recoil 103 60 90 59 80
pT (W ) 127 55 70 12 29
BG 17 30 50 42 3
DM, ℓ-ID - 30 40 10 16
Resol. 13 10 20 27 51
PDF 15 15 15 39 27
QED RC 28 10 10 10 3
mW 10 10 10 15 15
Syst. 173 114 135 99 108
Total 329 169 237 173 142
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1.3.2 W Bosons at LEP-II
Production of W Bosons
The dominant production mode for W bosons in the LEP-II centre of mass energy range of 130 GeV
to 209 GeV is W-pair production, e+e− →W+W−. The phase space for the production of on-shell
W-boson pairs opens up at the kinematic threshold of
√
s = 2mW. The lowest-order Feynman
diagrams contributing to this process are shown in Figure 1.31. Besides the t-channel neutrino ex-
change diagram, two other interesting diagrams contribute, namely the s-channel diagrams involv-
ing the triple-gauge-boson vertex between the neutral and charged gauge bosons of the electroweak
interaction. The W boson decays via the charged weak current into a fermion-antifermion pair, 3
leptonic modes (eνe, µν, τν) and 6 hadronic modes (qq
′ except top), so that W-pair production
leads to four-fermion final states.
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Figure 1.31: Feynman diagrams of W-pair production in e+e− collisions. The contribution of Higgs
boson exchange diagrams is negligible.
Pair production of W bosons at LEP-II exhibits a clean signature in the detectors since the
events contain only the decay products of the two W bosons. Typical events of each type are
shown in Figures 1.32 to 1.35. The LEP experiments analyse all possible decay modes and event
signatures. Hadronic events, W+W− → qqqq are selected with typical efficiencies of 85% and
purities of 80%. Events must contain at least four well separated jets and no large missing energy.
The dominant background arises from QCD multi-jet production. Leptonic events, W+W− →
ℓνℓℓνℓ are selected by requiring two acoplanar charged leptons, which rejects the main background
arising from dilepton production, e+e− → ℓ+ℓ−. Efficiencies ranging from 30% to 70% and purities
ranging from 75% to 90% are achieved, where the lower values are obtained if both leptons are
τ leptons and the higher values if both leptons are electrons or muons. Semi-leptonic events,
W+W− → qqℓνℓ, are tagged by the presence of a high-energy charged lepton. In addition, events
must contain two hadronic jets and missing energy due to the neutrino. The main background
arises through inclusive lepton production in qq events, where the missing energy is given by initial-
state radiative photons lost in the beam pipe. Semi-leptonic events are selected with an efficiency
between 30% and 90% and a purity between 70% and 95%, where the lower values are obtained
for qqτν events and the higher values for qqeνe and qqµν events.
The measurement of production cross sections for each final state allows the simultaneous
determination of the total W-pair production cross section and the branching fractions of W
decay. The total W-pair cross section measured as a function of the centre-of-mass energy,
√
s,
is shown in Figure 1.36, having combined the results of the four LEP experiments at each
√
s
point [156]. Especially at higher energies, the influence of the s-channel Feynman diagrams is
clearly visible, establishing qualitatively as well as quantitativley the γWW and ZWW triple-
gauge-boson couplings of the electroweak interaction. Combining all energy points, the ratio
of measurement to theory is determined to be 0.995 ± 0.009, a successfull precision test of the
theory [156].
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Figure 1.32: W-pair events selected at LEP-II: W+W− → qqqq event observed in the DELPHI
detector, showing four well separated jets.
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Figure 1.33: W-pair events selected at LEP-II: W+W− → qqeνe event observed in the OPAL
detector, showing two hadronic jets and an electron.
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Figure 1.34: W-pair events selected at LEP-II: W+W− → qqµν event observed in the ALEPH
detector.
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Figure 1.35: W-pair events selected at LEP-II: W+W− → eνeµν event observed in the L3 detector.
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Figure 1.36: Combined W-pair cross sections, shown as dots with error bars, as measured by the
four LEP experiments as a function of the centre-of-mass energy,
√
s. The results are preliminary.
Left: Measured cross sections compared to the SM calculation. The theoretical uncertainty is
shown as the width of the curve. Right: Cross sectionc expected for theories without the γWW
and ZWW gauge vertices. The measurements clearly require the presence of these vertices with
their expected properties.
The comparison of the branching fractions of W decay, determined for the three leptonic modes
and the inclusive hadronic mode, is shown in Figure 1.37. In general, good agreement is observed
between the results of the four experiments. The combined results [156] agree well with the SM
expectation except in the case of W → τν decays, where all experiments measured a branching
fraction higher than expected. The combination under assumption of lepton universality also
agrees with the expectation, because the electron and muon decay modes are measured to be
slightly smaller than expected. Comparing the tau decay mode to the average of the electron and
muon mode results, which maximises the significance of the effect a posteriori, results in the two
values being different at the level of 2.8 standard deviations.
Determination of W-Boson Mass and Width
At the W-pair production threshold of
√
s ≃ 161 GeV, the cross section is sensitive to the mass
of the W boson, used for the first measurement of mW by the four LEP experiments [157, 158,
159, 160]. However, at higher centre-of-mass energies, the cross section flattens out and becomes
independent of mW. At these energies, where the bulk of the LEP-II luminosity was collected, the
method of direct reconstruction is most sensitive in determining the mass and also the total width
of the W boson.
The four fermions arising in W-pair decay are reconstructed in the detector, in particluar energy
and direction, and paired to form two W bosons. The invariant mass of each paired fermion
system corresponds to the invariant mass of the decaying W boson, and follows a Breit-Wigner
distribution convoluted with the detector resolution. A kinematic fit of the measured energies and
angles, enforcing a 4-fermion final state, overall energy-momentum conservation as well as equal
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Figure 1.37: W-decay branching fractions measured by the four LEP experiments and their
combination. The results are preliminary. The sum of the branching fractions is constrained to be
unity. Left: branching fractions of leptonic W decays. Right: branching fractions of the inclusive
hadronic W decay.
mass of the two W bosons in an event, is performed. Such a procedure allows the determination of
the unmeasured neutrino kinematics in qqℓνℓ events and improves the resolutions in the kinematics
of the measured fermions by a factor of up to four.
Spectra of reconstructed invariant masses are shown in Figure 1.38. The W-mass peak around
80 GeV is clearly visible. Its width is given by the total decay width of the W boson and the detector
resolution. These distributions are analysed by the four LEP experiments in order to extract the
pole mass and total decay width of the W boson [161, 162, 163, 164], where a definition of mass
and width using a Breit-Wigner with s-dependent width is used. The results of the experiments
for the different channels and their combinations [156] are compared in Figures 1.39 and 1.40. The
combined W-mass values obtained in the qqℓνℓ and qqqq channels are [156]:
mW(qqℓνℓ) = 80.372± 0.030(stat.)± 0.020(syst.) GeV (43)
mW(qqqq) = 80.387± 0.040(stat.)± 0.044(syst.) GeV , (44)
where the two results show a correlation of 20%.
Systematic uncertainties affecting the mass measurements are compared in Table 1.21. The
largest systematic uncertainty affecting both channels arises from the uncertainty in the modeling
of quark fragmentation and hadronisation. In addition, the hadronic channel suffers from additional
sources of uncertainty, which are related to the fact that the two hadronic W-boson decays strongly
overlap in space-time. Thus, cross talk between the two hadronic system arising through the strong
interaction may lead to four-momentum exchange between them so that the invariant masses of the
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Figure 1.38: Distribution of reconstructed invariant masses from the L3 experiment. Left: qqℓνℓ
final states. Right: qqqq final states.
Table 1.21: Error decomposition for the combined LEP W mass results. Detector systematics
include uncertainties in the jet and lepton energy scales and resolution. The ‘Other’ category refers
to errors, all of which are uncorrelated between experiments, arising from: simulation statistics,
background estimation, four-fermion treatment, fitting method and event selection.
Source Systematic Error on mW (MeV)
qqℓνℓ qqqq Combined
Initial-/final-state radiation 8 5 7
Hadronisation 13 19 14
Detector Systematics 10 8 10
LEP Beam Energy 9 9 9
Colour Reconnection − 35 8
Bose-Einstein Correlations − 7 2
Other 3 11 4
Total Systematic 21 44 22
Statistical 30 40 25
Total 36 59 33
Statistical in absence of Systematics 30 27 20
visible decay products measured in the detector can not be attributed uniquely to one of the two
decaying W bosons. Such FSI effects can arise due to (i) Bose-Einstein correlations (BE) between
identical neutral hadrons, mainly pions, or (ii) colour-reconnection effects (CR) in the perturbative
or non-perturbative evolution of the qq systems originating from the two W bosons. Dedicated
studies are performed to analyse in detail particle correlations and the particle and energy flow in
qqqq events between jets to search for BE and CR effects.
In case of BE, the effects within a jet are measured to be at the same strength as observed
between jets from Z boson decay, excluding b quarks as these are suppressed in W decays. Of
relevance for the W mass, however, is the strength of inter-W BE. These are measured by com-
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paring genuine W+W− → qqqq with two combined W+W− → qqℓνℓ events where the leptons are
removed. The mixed events properly contain the intra-W correlations while inter-W correlations
are absent. Hence any difference to W+W− → qqqq events must be attributed to inter-W corre-
lations. The analyses of the LEP experiments result in a combined limit of 30% in the data on
the strength of a model describing such BE correlations in the Monte Carlo simulation [156]. This
limit is turned into a systematic uncertainty on the mass of the W boson using the same model.
A similar strategy is followed in limiting possible CR effects. Again, for the W mass recon-
struction, only inter-W effects are relevant since intra-W effects do not change the invariant mass
of a hadronic system. To limit CR, the particle flow in W+W− → qqqq between jets from the
same W boson is compared to that between jets from different W bosons. Interpreting the particle
flow with the help of CR models allows to constrain model parameters, for example limiting the
model parameter ki describing CR in the SK-I model to a value of at most 2.13 combining the
LEP analyses [156]. The consequences for the mass are then evaluated using the same SK-I model,
comparing ki = 0 with ki = 2.13.
The difference of the W-boson masses obtained in the two channels may also indicate the
presence of FSI effects. Excluding FSI related uncertainties in its calculation, the mass difference
is evaluated to be −12± 45 MeV, showing no indication of any significant FSI effects.
The combined results for mass and total decay width of the W boson obtained by the four LEP
experiments, including also the threshold measurements [157, 158, 159, 160], are [156]:
mW = 80.376± 0.033 GeV (45)
ΓW = 2.196± 0.083 GeV , (46)
where the contributions of the statistical and systematic errors to the total error are also reported
in Table 1.21. Owing to the additional FSI errors in the qqqq channel, the average is dominated
by the qqℓνℓ channel, having a weight of 78% in the average.
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Figure 1.39: The W mass measurements from the W+W− → qqℓνℓ (left) and W+W− → qqqq
(right) channels obtained by the four LEP collaborations, propagating the common LEP estimates
of FSI effects to the mass. The combined values take into account correlations between experiments,
years and the two channels. The qqℓνℓ and qqqq results are correlated since they are obtained from
a fit to both channels taking into account inter-channel correlations. The LEP combined values
and common estimates for CR uncertainties are still preliminary.
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Figure 1.40: The combined results for the measurements of the W mass (left) and total W width
(right) compared to the results obtained by the four LEP collaborations, propagating the common
LEP estimates of FSI effects to mass and width (see text). The combined values take into account
correlations between experiments and years and hence, in general, do not give the same central
value as a simple average. The individual and combinedmW results include the measurements from
the threshold cross section. The LEP combined values and common estimates for CR uncertainties
are still preliminary.
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1.4 The Top Quark
1.4.1 Top Quark Production
Currently the Tevatron collider is the only accelerator in the world powerful enought to produce
top quarks. Proton-antiproton collisions produce tt pairs in the reaction pp → tt + X where X
denotes the pp remnant recoiling against the tt system. The lowest-order Feynman diagrams on
parton level contributing to this process are QCD mediated processes as shown in Figure 1.41.
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Figure 1.41: Feynman diagrams of tt production in pp collisions on parton level.
For a pp centre-of-mass energy of 1.8 TeV (1.96 TeV), the total tt production cross section
is expected to be about 5.2 pb (6.7 pb), with a theoretical uncertainty of about 10% [165, 166].
About 90% (85%) of the cross section is due to the qq diagram. The top quark immediately decays
via the charged-current reaction:
t → bW , W → ff ′ (f, f′ 6= t) , (47)
since the Cabibbo-Kobayashi-Maskawa matrix element Vtb dominates. Since mt > mW +mb, the
daughter W boson is on-shell. The total decay width of the top quark is then Γt ∝ GFm3t , for
example Γt = 1.4 GeV for mt = 175 GeV. Thus the top quark decays before there is enough time
for it to combine with other quarks to form top-flavoured bound states of hadrons.
The decay modes of a tt system are those of a W-pair accompanied by a bb system. Hence,
in analogy to W-pair production discussed in electron-positron collisions, fully hadronic modes,
semileptonic modes and dilepton modes occur. The branching fractions for these final states are
given by the corresponding products of W branching fractions:
tt → bbW+W− → bb (ff ′)1 (ff ′)2 (48)
→


bb qq′ qq′ 45.6%
bb qq′ ℓνℓ 14.6% each for ℓ = e, µ, τ
bb ℓνℓ ℓνℓ 10.6% for ℓ = e, µ, τ combined
. (49)
Like in W and Z physics at the Tevatron, the main leptonic W decay modes analysed are W→ eνe
and W → µν, including W → τν where the tau decays to leptons. These leptons are easy to
identify in the hadronic event environment and constitute an important selection tool; the more
leptons, the higher the efficiency and purity. The common signature of all tt events consists of
the bb system; hence in several tt analyses b-tagging is explicitely used in the event selection. On
the balance of branching fraction, efficiency and purity of the selected sample, the semileptonic
channel offers best prospects for high precision measurements of top-quark properties.
Electroweak single-top production, a charged weak current process mediated by W-boson
echange, has an expected cross section only slightly smaller than tt production, a strong pro-
cess. However, single-top production is much harder to observe experimentally, as only one heavy
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top quark is produced. Only very recently, first evidence for single-top production has been re-
ported by DØ and also found by CDF [167, 168]. For a robust and precise mass measurement,
large samples top quarks must be selected with high efficiency and purity. Hence, for the study of
top-quark properties such as its mass, tt events are used.
1.4.2 Mass of the Top Quark
In tt → bbW+W− events where both W bosons decay leptonically, tt → bbℓνℓℓνℓ, the two un-
measured neutrinos in the event prevent a complete reconstruction of the decayed top quarks and
hence a direct determination of their invariant mass. However, the mass of the top quark affects
the kinematic properties of the measured decay products, such as lepton energies, quark jet en-
ergies and jet-lepton angular separations. Analysing the distribution of these observables yields a
determination of mt though with comparably large errors. While the purity of the selected event
sample is high, the low branching fractions cause large statistical uncertainties.
In hadronic events, tt→ bbqqqq, all decay products are quarks, leading to an event signature
with six jets or more due to gluon radiation and no unobserved partons. Hence the kinematics
of the top quarks can be reconstructed completely, up to combinatorial ambiguities in associating
light quark jets to the correct W boson, and combining W bosons with b-quark jets to top quarks.
The number of combinations can be reduced by using b-tagging to identify the two b jets among the
six jets, and by a matrix-element based probability assignment to find the most likely combination
representing a tt decay. While the branching fraction is high, the lack of leptons to reduce the
QCD multi-jet background causes low efficiencies and purities and hence limited precision in the
mass determination.
In principle, semileptonic events, tt → bbqqℓνℓ also allow a complete reconstruction of the
invariant masses of the decaying top quarks. However, it is necessary to consider the complete
production and decay chain including the hadronic system recoiling against the tt system:
pp → t1t2 +Xt
t1 → b1 +W1 t2 → b2 +W2 (50)
W1 → ℓ+ ν W2 → q1 + q2 .
These five four-vector equations contain seven unknown four-momenta, namely those of q1, q2,
ℓ, ν, b1, b2, and Xt, corresponding to 28 unknowns. There are 17 measurements, namely the
three-momenta of the five fermions q1, q2, ℓ, b1, b2 and the two transverse momentum components
of the underlying event Xt. Overall four-momentum conservation, using the known masses of
ℓ, ν, q1, q2, b1, b2,W1,W2 and enforcing minv(t1) = minv(t2) introduce 13 constraints, leading to a
2C kinematic fit in the determination of all four-momenta. Nevertheless, also here combinatorial
ambiguities arise in associating decay fermions to W bosons and top quarks. This channel combines
high branching fractions with a lepton in the final state to allow for selection of event sampels with
reasonable efficiency and purity.
Example invariant mass distributions are shown in Figure 1.42 from DØ in the semileptonic
channel [169], and in Figure 1.43 from CDF in the hadronic channel [170]. Figure 1.42 compares
topologically selected tt events with a sample requiring in addition at least one jet tagged as a
b-jet. Figure 1.43 shows the invariant mass distribution reconstructed in a sample of hadronic tt
events, having required a b-tag in the event. In both cases, the b-tagging requirements lead to a
significantly higher purity and a more precise mass measurement.
The mass analyses in the various final states are augmented by using neural networks on pre-
selected samples, and/or the tt matrix element to assign probabilities, to resolve combinatorial
ambiguities, and to increase the sensitivity to mt by exploiting the dependence of the matrix el-
ement on mt. Essentially, the matrix element is evaluated using the reconstructed kinematics of
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Figure 1.42: Distribution of top-quark masses reconstructed in semi-leptonic tt events selected by
DØ in a data sample of 230/pb, without (left) and with (right) requiring at least one jet tagged as
a b-quark jet. The data is shown as dots with error bars and is compared to the MC expectations
shown as lines.
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Figure 1.43: Distribution of top-quark masses reconstructed in hadronic tt events selected by CDF
in a data sample of 1.02/fb, where at least one jet is tagged as b-quark jet. The data is shown as
dots with error bars and is compared to the MC expectations shown as lines.
the visible fermions and the missing transverse energy as estimates for the fermion kinematics;
convolutions are used to account for resolution effects, and unmeasured parameters are integrated
out. The resulting differential cross section is used as a relative probability estimate to esti-
mate correct pairings and the mass dependence. The DØ collaboration pioneered the use of this
computing-intensive approach in the determination of the mass of the top quark in the semileptonic
channel [171].
The mass of the top quark has been measured by the Tevatron experiments CDF and DØ in all
channels, with various techniques, and in data collected during Run-I and Run-II of the Tevatron.
For the combination, only the most precise results of each experiment in the various channels are
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used, namely References [172, 173, 174, 175, 171, 176] for the final and published Run-I results,
two published Run-II CDF results [177, 178], two preliminary Run-II CDF results [179, 180] and
two preliminary Run-II DØ results [181, 182]. A comparison of these results, as used in the most
recent combination, is shown in Figure 1.44. Taking correlated uncertainties into account, the
combined result is [183]:
mt = 170.9± 1.8 GeV . (51)
The combination has a χ2 of 9.2 for 10 degrees of freedom, which corresponds to a probability of
51%, indicating good agreement between the various measurements as also visible in Figure 1.44.
The total uncertainty contains a statistical part of 1.1 GeV and a systematic part of 1.5 GeV.
The dominant part of the systematic error of each measurement is given by the jet-energy scale,
i.e., the energy calibration for hadronic jets. This uncertainty alone contributes 1.1 GeV to the
combined result. Recent mt analyses use a W-mass constraint to fix the jet energy scale in situ,
adjusting the jet energies such that the mass of the hadronically decaying W boson averages to
the known W mass. This technique fixes the jet energy scale for light-quark jets occuring in W
decays. Only energy scale of b-quark jets then remains to be calibrated relative to light-quark jets.
Other important systematic uncertainties include the modelling dependence of the simulated event
samples for signal and background used in the mass extraction procedure.
With the advent of new mass analysis techniques and the larger luminosity collected in Run-II,
the mass of the top quark is now known with an accuracy of 1.1%, much improved compared to
just a few years ago. The prediction of mt within the SM based on the analysis of electroweak
radiative corrections measured at the Z-pole is discussed in Section 1.6.3.
Mtop   [GeV/c
2]
Mass of the Top Quark (*Preliminary)
Measurement Mtop   [GeV/c
2]
CDF-I   di-l 167.4 ± 11.4
D ˘ -I     di-l 168.4 ± 12.8
CDF-II  di-l 164.5 ±  5.6
D ˘ -II    di-l* 172.5 ±  8.0
CDF-I   l+j 176.1 ±  7.3
D ˘ -I     l+j 180.1 ±  5.3
CDF-II  l+j* 170.9 ±  2.5
D ˘ -II    l+j* 170.5 ±  2.7
CDF-I   all-j 186.0 ± 11.5
CDF-II  all-j* 171.1 ±  4.3
CDF-II  lxy 183.9 ± 15.8
c
2
 / dof  =  9.2 / 10
Tevatron Run-I/II* 170.9 ±  1.8
150 170 190
Figure 1.44: Comparison of measurements of the top-quark mass from CDF and DØ and the
resulting world average mass of the top quark.
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1.5 Low-Energy Measurements
Effective coupling constants of the weak current are not only measured in high-Q2 interactions
such as at the Z-pole (Q2 ≈ m2Z), but also in low-Q2 processes, Q2 ≪ m2Z. Because of the running
of effective coupling constants with Q2, the couplings measured in these reactions are different
from those measured at the Z pole. This running has to be accounted for before comparisons can
be made.
1.5.1 Parity Violation in Atoms
A parity violating effect occurs in atomic transitions due to the parity-violating t-channel γZ
exchange between the shell electron and the quarks in the atomic nucleus. Its strength is given
by the weak charge of the atomic nucleus as probed by the shell electron, QW(Z,N) = −2[(2Z +
N)C1u+(Z +2N)C1d] for a nucleus with Z protons and N neutrons. The weak charges C1q of up
and down quarks can be expressed in terms of effective vector and axial-vector coupling constants
introduced earlier, C1q = 2gAegVq.
The most precise results have been obtained from measurements with cesium [33, 34]. Over
the last years, the corrections due to nuclear many-body perturbation theory and QED radiative
corrections needed in the experimental analyses have bee revised [35]. The newly corrected exper-
imental results for cesium is: QW(Cs) = −72.74± 0.46 [35]. This result is now in good agreement
with the SM expectation.
1.5.2 Parity Violation in Møller Scattering
The weak charge of the electron, QW(e) = −4gAegVe, is measured by Møller scattering, e−e−,
using polarised beams. The experiment was performed at an average momentum transfer of Q2 =
0.026 GeV2 by the E-158 collaboration at SLAC. Expressed in terms of the electroweak mixing
angle, the result is [36, 37]: sin2 θeff(Q
2) = 0.2397 ± 0.0013 or sin2 θMS(mZ) = 0.2330 ± 0.0015
using the SM running of the electroweak mixing angle with Q2. The effective electroweak mixing
angle, sin2 θlepteff , is obtained by adding 0.00029 [184] to sin
2 θMS(mZ).
1.5.3 Neutrino-Nucleon Scattering
Neutrino-nucleon scattering allows to measure both charged weak current and neutral weak current
interactions. As shown in Figure 1.45, the interactions proceed via the t-channel exchange of a W
or Z boson, connecting the incoming neutrino or anti-neutrino to a quark in the nucleons of the
target material.
Using both a neutrino and an anti-neutrino beam, as done for the first time by the NuTeV
experiment, it is possible to exploit the Paschos-Wolfenstein relation [185]:
R− =
σNC(ν)− σNC(ν¯)
σCC(ν)− σCC(ν¯) = 4g
2
Lν
∑
u,d
[
g2Lq − g2Rq
]
= ρνρud
[
1/2− sin2 θon−shellW
]
, (52)
where the sum runs over the valence quarks u and d. This relation holds for iso-scalar targets
and up to small electroweak radiative corrections. Thus R− is a measurement of the on-shell
electroweak mixing angle.
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Figure 1.45: Feynman diagrams in neutrino-nucleon scattering on parton level. Left: charged-
current reaction. Right: neutral-current reaction.
Using a muon (anti-) neutrino beam, CC reactions contain a primary muon in the final state,
while NC reactions do not. The muon as a minimum ionising particle traverses the complete
detector, while the hadronic shower alone is confined in a small target volume. The length of
the event thus discriminates between CC and NC events. The distributions of event lengths as
observed for neutrino and anti-neutrino beams are shown in Figure 1.46. In total, close to 2 million
events were recorded by the NuTeV collaboration, 1167K CC and 457K NC events with neutrino
beams, and 250K CC and 101K NC events with anti-neutrino beams. The separation between CC
and NC events is dependent on the energy of the hadronic shower and ranges from 16 to 18 in
units of counters (equivalent to 10 cm of steel) as indicated in the inserts of Figure 1.46.
Figure 1.46: Distribution of event lengths.
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In order to extractR− from the measured distributions, a Monte Carlo simulation of the spectra
of the (anti-) neutrino beams, radiative corrections and detector response is used. In terms of the
on-shell electroweak mixing angle, NuTeV’s final results reads [38]:
sin2 θon−shellW ≡ 1−m2W/m2Z (53)
= 0.2277± 0.0013± 0.0009
−0.00022m
2
t − (175 GeV)2
(50 GeV)2
+ 0.00032 ln(mH/150 GeV) , (54)
where the first error is statistical and the second is systematic. Here ρ = ρSM is assumed. This
result is a factor of two more precise than the average of all previous neutrino-nucleon measure-
ments.
The two main contributions to the total systematic uncertainty of 0.0009 are about equal,
0.0006 each for experimental systematics and for modelling. The experimental systematics are
dominated by the uncertainty on the (anti-)electron neutrino flux, as for such beams both CC and
NC interactions lead to final states without primary muons. The model systematics are dominated
by charm production and the strange-quark sea, effects which are much reduced compared to
previous single-beam experiments. With a statistical error of 0.0013 and a total systematic error
of 0.0009, NuTeV’s final result is statistics limited.
When presented this result caused a great deal of excitement, as the global SM analysis of all
electroweak measurements, presented later in this paper, predicts a value of 0.2232 ± 0.0004 for
the on-shell electroweak mixing angle, showing a deviation from the NuTeV result at the level of
2.8 standard deviations.
In a more model-independent analysis, the NuTeV result is also interpreted in terms of effective
left- and right-handed couplings, shown in Figure 1.47, defined as: g2X(eff) = 4g
2
Lν
∑
q g
2
Xq for
X = L,R. Here the deviation is confined to the effective left-handed coupling product. Modifying
all ρ parameters by a scale factor ρ0, also shown in Figure 1.47, shows that either ρ0 or the mixing
angle, but not both, could be in agreement with the SM. Assuming the electroweak mixing angle
to have it’s expected value, the change in the ρ factors can be absorbed in ρν , i.e., interpreted as
a change in the coupling strength of neutrinos, then lower than expected by about (1.2 ± 0.4)%.
A similar trend is observed with the neutrino coupling as measured by the invisible width of the
Z boson at LEP-1, yielding a much less significant deficit of (0.5± 0.3)% in ρν .
To date, various explanations ranging from old and new physics effects have been put for-
ward. Some old physics effects are: theoretical uncertainties in PDFs, iso-spin violating PDFs,
quark-antiquark asymmetries for sea quarks, nuclear shadowing asymmetries between W and Z
interactions, etc. Some new physics effects are: a new heavy Z boson, contact interactions, lepto-
quarks, new fermions, neutrinos oscillations, etc. Most of the old and new physics effects are,
however, severely constrained by NuTeV itself or other precision electroweak measurements, thus
cannot explain the full effect. It seems, however, that PDF uncertainties should be investigated,
and in particular the partly leading-order analysis employed by NuTeV should be assessed and
eventually improved to next-to-leading order.
1.5.4 Anomalous Magnetic Moment of the Muon
The Pauli and Dirac equations of quantum mechanics describe pointlike spin-1/2 particles of mass
m with a magnetic moment ~µ = (g/2)(e/m)~S where g is predicted to be 2. In quantum field
theory, small corrections to g arise, leading to a non-zero so-called anomalous magnetic moment,
a = (g − 2)/2 6= 0. Recently, a precision measurement of the anomalous magnetic moment for
muons was performed by the experiment E821 in Brookhaven, which measured the precession of the
muon spin relative to its direction of flight, ωa, when moving on a circular orbit in a homogeneous
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Figure 1.47: NuTeV result in the plane of (left:) effective right- and left-handed couplings, and
(right:) on-shell angle versus ρ-scale factor ρ0. In both cases, the SM expectation is shown as the
small dot located at the outer-most contour edge.
magnetic field:
ωa = ωs − ωc = aµ eB
mµ
, (55)
where ωs and ωc are the spin precession and cyclotron frequencies, respectively. In a storage ring,
electric fields are also present which are felt my the moving muon as additional magnetic fields
due to the Lorentz transformation from laboratory system to muon system, modifying the above
equation:
ωa =
e
mµ
[
aµB −
(
aµ − 1
γ2 − 1
)
βE
c
]
. (56)
The additional term vanishes for γ = 29.30 corresponding to the “magic” muon momentum of
3.094 GeV, establishing the working point used by all aµ measurements to suppress the effect of
electric fields.
Longitudinally polarised muons are injected into the storage ring with the magic momentum,
leading to a time-dilated lifetime of 64.4µs. The muon decays through the charged weak current
into an electron and two neutrinos. Because of the parity violation of the charged weak current,
the muon spin is correlated with the direction of flight of the electron. This correlation allows the
muon spin to be measured by observing the electron signal at a fixed direction from the muon
beam. The E821 experiment used 24 electromagnetic calorimeters, placed symmetrically along the
inside of the storage ring, to measure the time of the muon decay and the decay electron energy.
The distribution of events as a function of time is shown in Figure 1.48, showing the exponential
decay following the time-dilated muon lifetime, modulated by the relative precession frequency ωa:
N(t) = N0 exp(−t/γτµ)[1−A cos(ωat− φ)] , (57)
where N0, A and φ implicitly depend on the electron energy threshold, 1.8 GeV for E821, used to
select events.
Measurements of ωa and hence aµ were made by E821 for both positive and negative muons,
and found to be in good agreement as expected from CPT invariance, with an average value of [32]:
aµ = (116592080± 63) · 10−11 , (58)
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Figure 1.48: Distribution of electron counts as a function of time. The data is wrapped every
100µs.
a 0.54 ppm measurement. The total uncertainty combines a statistical error of 54 units and a
systematic error of 33 units in quadrature.
The expected value of aµ is calculated within the SM to similar precision, allowing to test the
theory. Since the SM calculation is sensitive to the full particle content of the theory through loops
of virtual particles, any measured excess could indicate the existence of new particles not found so
far. Typical diagrams contributing to the calculation are shown in Figure 1.49, and are classified as
pure QED, weak, hadronic and light-by-light diagrams. The pure QED contribution is by far the
dominant term but known extremely precisely [186, 187]. The weak [188], hadronic [189, 190, 191]
and light-by-light [188] contributions are all much smaller but have larger uncertainties. Adding all
contributions, the error on the SM calculations [189, 190, 191] is dominated by the leading-order
hadronic contribution (6-7 units, depending on calculation), followed by the hadronic light-by-light
contribution (3.5 units). The measured value turns out to be larger than the SM expectation at
the level of 2.2 to 2.7 standard deviations [32], depending on calculation.
m mm m m mZ m mqq m m
Figure 1.49: Contributions to the SM calculation of aµ, from left to right: QED, weak, hadronic,
light-by-light diagrams.
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1.6 Constraints on the Standard Model
1.6.1 Introduction
The SM expectations for the various observables discussed so far depend on the free parameters of
the SM theory, as shown in many preceeding figures. This dependence exists already at Born level
or is introduced by radiative corrections involving virtual particles, and needs to be taken into
account in precision calculations. Conversely, the measurement results can be used to constrain
these free parameters. For the measurements discussed here, there are five main SM parameters
on which the predictions depend, conventionally chosen as: (i) the hadronic vacuum polarisation
∆α
(5)
had(m
2
Z) contributing to the running of the electromagentic coupling constant α(m
2
Z), (ii) the
coupling constant of the strong interaction, αS(m
2
Z), determining QCD corrections, (iii) the mass
mZ of the Z boson , (iv) the massmt of the top quark, and (v) the massmH of the as yet unobserved
Higgs boson.
The hadronic vacuum polarisation is determined in dedicated analyses, using experimental
results only [192, 193, 194], or also theory constraints introducing some model dependence but
leading to higher precision [195, 205]. In the following, we use the experimentally driven result [194]:
∆α
(5)
had(m
2
Z) = 0.02758± 0.00035 , (59)
but in some cases also illustrate the effect of using the more precise theory-driven result [205]:
∆α
(5)
had(m
2
Z) = 0.02749± 0.00012 . (60)
1.6.2 Z-Pole Results
Using only the Z-pole measurements of Section 1.2 together with the hadronic vacuum polarisation,
the five SM parameters are determined in a χ2 fit of the theory predictions to the measured results,
taking uncertainties and correlations properly into account. The fit has a χ2/dof of 16.0/10,
corresponding to a probability of 9.9%. The results of the fit are reported in Table 1.22.
Table 1.22: Results for the five SM input parameters derived from a fit to the Z-pole results and
∆α
(5)
had(m
2
Z). The results on mH, obtained by exponentiating the fit results on log10(mH/GeV), are
also shown.
Parameter Value Correlations
∆α
(5)
had(m
2
Z) αS(m
2
Z) mZ mt log10(mH/GeV)
∆α
(5)
had(m
2
Z) 0.02759±0.00035 1.00
αS(m
2
Z) 0.1190±0.0027 −0.04 1.00
mZ [GeV] 91.1874±0.0021 −0.01 −0.03 1.00
mt [GeV] 173±1310 −0.03 0.19 −0.07 1.00
log10(mH/GeV) 2.05±0.430.34 −0.29 0.25 −0.02 0.89 1.00
mH [GeV] 111±19060 −0.29 0.25 −0.02 0.89 1.00
The fitted hadronic vacuum polarisation is nearly unchanged compared to the input measure-
ment Equation 59, showing that the data has only a low sensitivity to it. However, the parameter
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is crucial in the determination of the mass of the Higgs boson as evidenced from the sizeable
correlation coefficient of 0.89. The fitted strong coupling constant is one of the most precise de-
termination of this quantity, and in good agreement with other determinations [206, 184]. The
mass of the Z boson in this SM analysis is identical to that derived in the model-independent
analysis of Section 1.2, but now mZ changed its role to a parameter of the theory, in terms of
which all other observables are calculated. Even though Z-pole radiative corrections are sensitive
to log10(mH/GeV) only, the mass of the Higgs boson is nevertheless constrained within a factor of
two and lies in the region below 1 TeV as required by theory, showing the self-consistency of this
analysis.
1.6.3 The Mass of the Top Quark and of the W Boson
The results on the mass and total width of the W boson obtained at LEP-II and the Tevatron and
presented in Section 1.3 are in good agreement, as shown in Figure 1.50. The results are combined
assuming no correlations between the two sets of results, yielding preliminary world averages of:
mW = 80.398± 0.025 GeV (61)
ΓW = 2.140± 0.060 GeV . (62)
Based on the analysis reported in Table 1.22, the mass of the W boson is predicted to be
mW = 80.363±0.032GeV. The prediction ofmW is greatly improved when the direct measurement
of the mass of the top quark, Section 1.4, is also used in its calculation, with the result: mW =
80.360±0.020 GeV. This result must be compared with the direct measurements ofmW performed
at the Tevatron and LEP-II given above,mW = 80.398±0.025GeV. The different results onmW are
compared in Figure 1.50 (left). The agreement between the prediction and the direct measurement
is good, constituting an important and successful test of the electroweak SM.
The mass of the top quark is found with an accuracy of about 12 GeV: mt = 173
+13
−10 GeV
as given in Table 1.22. This result must be compared with the direct measurement of mt at the
Tevatron, with the most recent combined preliminary result of mt = 170.9± 1.8 GeV as presented
in Section 1.4. The good agreement constitutes another important and successful test of the
electroweak SM. The prediction of the top-quark mass is improved slightly when the latest results
on the mass and width of the W boson are also used in its determination: mt = 179
+12
−9 GeV.
Historically, this type of analysis was used to predict the mass of the top quark before it was
discovered at the Tevatron; a historical perspective is illustrated in 1.51. The most recent results
on mt are compared in Figure 1.50 (right).
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W-Boson Mass  [GeV]
mW  [GeV]
80 80.2 80.4 80.6
c
2/DoF: 1.1 / 1
TEVATRON 80.429 ± 0.039
LEP2 80.376 ± 0.033
Average 80.398 ± 0.025
NuTeV 80.136 ± 0.084
LEP1/SLD 80.363 ± 0.032
LEP1/SLD/mt 80.360 ± 0.020
Top-Quark Mass   [GeV]
mt   [GeV]
140 160 180 200
c
2/DoF: 9.2 / 10
CDF 170.1 ± 2.2
D ˘ 172.0 ± 2.4
Average 170.9 ± 1.8
LEP1/SLD 172.6 +  13.2
-   10.2
LEP1/SLD/mW/G W 178.9 
+  11.7
-    8.6
Figure 1.50: Left: results on the mass of the W boson, mW. The direct measurements of mW
at LEP-II (preliminary) and at Run-I of the Tevatron (top) are compared with the indirect deter-
minations (bottom). The NuTeV result interpreted in terms of mW is shown separately. Right:
results on the mass of the top quark. The direct measurements of mt at Run-I of the Tevatron
(top) are compared with the indirect determinations (bottom).
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Figure 1.51: Comparison of direct and indirect determinations of the mass of the top quark, mt,
as a function of time. The shaded area denotes the indirect determination of mt at 68% confidence
level derived from the analysis of radiative corrections within the framework of the SM using
precision electroweak measurements. The dots with error bars at 68% confidence level denote
the direct measurements of mt performed by the Tevatron experiments. Also shown is the 95%
confidence level lower limit on mt from direct searches before the discovery of the top quark.
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1.6.4 The Mass of the Higgs Boson
The predictions of the masses of heavy fundamental particles, such as top quark and W boson,
turned out to be very successful as the predictions agree well with the direct measurements. These
analyses clearly demonstrate the predictive power of the electroweak SM as well as the precision
achieved by the experimental measurements. Building on this success, the mass of the as yet
unobserved Higgs boson of the minimal SM will be predicted. As a first step, Figure 1.52 shows
the comparison between the direct and indirect determinations of mt and mW in the (mt,mW)
plane. As already discussed, both sets of measurements agree well as shown by the overlapping
contour curves. Within the SM, mt and mW are correlated quantities which is driven by the Fermi
constant GF. The exact correlation depends crucially on the mass of the Higgs boson, which can
thus be determined with increased precision from both sets of results.
Including also the direct measurements of the top quark and of the mass and width of the W
boson, the SM analysis yields the results as reported in Table 1.23. The χ2 fit to the experimental
results is 18.2 for 13 degrees of freedom, corresponding to a probability of 15%. The pulls of the
measurements relative to the fit results are listed in Table 1.24 and shown in Figure 1.53. The
largest pull occurs for the forward-backward asymmetry measured in the reaction e+e− → bb at
the Z pole, another consequence of the effects observed in the b-quark sector and already discussed
in Sections 1.2.5 and 1.2.7.
The ∆χ2(mH) = χ
2
min(mH) − χ2min curve is shown in Figure 1.54. Compared to the results
shown in Table 1.22, the relative uncertainty on mH is decreased by more than a factor of two.
Theoretical uncertainties in the SM calculations of the expectations, due to missing higher-order
corrections, are shown as the shaded area around the thin solid curve. Including these theoretical
uncertainties, the one-sided 95% CL upper limit on log10(mH/GeV) (∆χ
2 = 2.7) is:
mH < 144 GeV . (63)
This limit increases to 182 GeV when the lower limit of 114 GeV [207] from the direct search for the
Higgs boson at LEP-II, shown as the shaded rectangle in Figure 1.54, is taken into account. The
determination of the limit on the Higgs mass is only marginally affected by using the theory-driven
determination of ∆α
(5)
had(m
2
Z), Equation 60.
The analyses of the high-Q2 results are now used to predict the values of observables measured
in low-Q2 reaction such as those discussed in Section 1.5. Measured results and predictions are
compared in Table 1.25. In general, good agreement is observed except for the result on the
left-handed quark coupling combination g2νLud, measured by the NuTeV experiment eight times
more precisely than g2νRud. The difference to the expected result is at the level of three standard
deviations. However, the determination of the Higgs mass and its limit is only marginally affected
when including the low-Q2 results, as visible in Figure 1.54.
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Figure 1.52: Contour curves of 68% probability in the (mt,mW) plane. The shaded band shows
the SM prediction based on the value for GF for various values of the Higgs-boson mass and fixed
∆α
(5)
had(m
2
Z); varying the hadronic vacuum polarisation by ∆α
(5)
had(m
2
Z) = 0.02758± 0.00035 yields
an additional uncertainty on the SM prediction shown by the arrow labeled ∆α.
Table 1.23: Results for the five SM input parameters derived from a fit to the Z-pole results and
∆α
(5)
had(m
2
Z), plus mt, mW, and ΓW from Tevatron Run-I and LEP-II. The results on mH, obtained
by exponentiating the fit results on log10(mH/GeV), are also shown.
Parameter Value Correlations
∆α
(5)
had(m
2
Z) αS(m
2
Z) mZ mt log10(mH/GeV)
∆α
(5)
had(m
2
Z) 0.02768±0.00034 1.00
αS(m
2
Z) 0.1185±0.0026 0.03 1.00
mZ [GeV] 91.1875±0.0021 0.00 −0.02 1.00
mt [GeV] 171.3±1.7 −0.01 0.03 −0.02 1.00
log10(mH/GeV) 1.88±0.16 −0.54 0.06 0.09 0.39 1.00
mH [GeV] 76±3324 −0.54 0.06 0.09 0.39 1.00
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Table 1.24: Summary of measurements included in the analyses of the five SM input parameters.
The top 15 results are included in the Z-pole and the high-Q2 fit, while the bottom three results
are only used in the high-Q2 fit. The total errors in column 2 include the systematic errors listed
in column 3. The SM results in column 4 and the pulls (absolute value of the difference between
measurement and fit in units of the total measurement error, see Figure 1.53) in column 5 are
derived from the SM analysis of all 18 results.
(a)Only common systematic errors are indicated.
Measurement with Systematic Standard Model Pull
Total Error Error High-Q2 Fit
∆α
(5)
had(m
2
Z) [194] 0.02758± 0.00035 0.00034 0.02766± 0.00035 0.2
mZ [GeV] 91.1875± 0.0021 (a)0.0017 91.1875± 0.0021 0.0
ΓZ [GeV] 2.4952± 0.0023 (a)0.0012 2.4957± 0.0015 0.2
σ0had [nb] 41.540± 0.037 (a)0.028 41.477± 0.014 1.7
R0ℓ 20.767± 0.025 (a)0.007 20.744± 0.018 0.9
A0, ℓFB 0.0171± 0.0010 (a)0.0003 0.01645± 0.00023 0.7
+ correlation matrix
Table 1.1
Aℓ (Pτ ) 0.1465± 0.0033 0.0015 0.1481± 0.0010 0.5
Aℓ (SLD) 0.1513± 0.0021 0.0011 0.1481± 0.0010 1.5
R0b 0.21629± 0.00066 0.00050 0.21586± 0.00006 0.7
R0c 0.1721± 0.0030 0.0019 0.1722± 0.0001 0.0
A0, bFB 0.0992± 0.0016 0.0007 0.1038± 0.0007 2.9
A0, cFB 0.0707± 0.0035 0.0017 0.0743± 0.0006 1.0
Ab 0.923± 0.020 0.013 0.9347± 0.0001 0.6
Ac 0.670± 0.027 0.015 0.6684± 0.0005 0.1
+ correlation matrix
Table 1.10
sin2 θlepteff (Q
had
FB ) 0.2324± 0.0012 0.0010 0.23138± 0.00013 0.8
mt [GeV] (Run-I+II [183]) 170.9± 1.8 1.5 171.3± 1.7 0.2
mW [GeV] 80.398± 0.025 80.374± 0.015 1.0
ΓW [GeV] 2.140± 0.060 2.092± 0.002 0.8
+ correlation given in
Section 1.6.3
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Measurement Fit |Omeas- Ofit|/s meas
0 1 2 3
0 1 2 3
Da had(mZ)Da (5) 0.02758 ± 0.00035 0.02768
mZ [GeV] 91.1875 ± 0.0021 91.1875
G Z [GeV]G 2.4952 ± 0.0023 2.4957
s had [nb]s
0 41.540 ± 0.037 41.477
Rl 20.767 ± 0.025 20.744
Afb
0,l 0.01714 ± 0.00095 0.01645
Al(P t )t 0.1465 ± 0.0032 0.1481
Rb 0.21629 ± 0.00066 0.21586
Rc 0.1721 ± 0.0030 0.1722
Afb
0,b 0.0992 ± 0.0016 0.1038
Afb
0,c 0.0707 ± 0.0035 0.0742
Ab 0.923 ± 0.020 0.935
Ac 0.670 ± 0.027 0.668
Al(SLD) 0.1513 ± 0.0021 0.1481
sin2q effq
lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV] 80.398 ± 0.025 80.374
G W [GeV]G 2.140 ± 0.060 2.091
mt [GeV] 170.9 ± 1.8 171.3
Figure 1.53: Comparison of the measurements with the expectation of the SM, calculated for the
five SM input parameter values in the minimum of the global χ2 of the fit. Also shown is the pull
of each measurement, where pull is defined as the absolute value of the difference of measurement
and expectation in units of the measurement uncertainty.
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Figure 1.54: ∆χ2(mH) = χ
2
min(mH) − χ2min as a function of mH. The line is the result of the fit
using all 18 results. The associated band represents the estimate of the theoretical uncertainty due
to missing higher-order corrections. The vertical band shows the 95% confidence level exclusion
limit on mH of 114.4 GeV derived from the direct search at LEP-II [207]. The dashed curve is the
result obtained using the theory-driven ∆α
(5)
had(m
2
Z) determination of Equation 60.
Table 1.25: Summary of predictions for results obtained in low-Q2 processes described in Sec-
tion 1.5, derived from the fit to all high-Q2 data.
Measurement with Standard Model Pull
Total Error High-Q2 Fit
APV [35]
QW(Cs) −72.74± 0.46 −72.899± 0.032 0.4
Møller [37]
sin2 θMS(mZ) 0.2330± 0.0015 0.23109± 0.00013 1.3
νN [38]
g2νLud 0.30005± 0.00137 0.30391± 0.00016 2.8
g2νRud 0.03076± 0.00110 0.03011± 0.00003 0.6
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1.7 Summary and Conclusion
Over the last two decades, a large body of high-precision measurements became available, testing
the SM of electroweak interactions both at Born level but also, very importantly, at loop-level. In
general, the many precise results presented here are in good agreement with the SM expectations,
thus contraining any hypothetical theories beyond it. The notable exceptions, all at the level of
about three standard deviations, are: (i) the (final) forward-backward asymmetry in e+e− → bb
measured at the Z pole, (ii) the (still preliminary) leptonic W-decay branching fractions measured
in e+e− →W+W− at LEP-II, and (iii) the left-handed quark couplings combination measured in
neutrino-nucleon scattering by the NuTeV experiment. While the first two are likely to be of sta-
tistical nature, the last one may also be explained through an improved theoretical understanding
of hadronic physics inside the atomic nucleus.
The precision measurements test the theory at loop level, verifying the SM as a renormalisable
field theory correctly describing nature. The data impose very tight constraints on any new physics
beyond the SM. Any extended theory must be consistent with the SM or one or more Higgs
doublet models such as super-symmetry. Masses of heavy fundamental particles are predicted
from the analysis of reactions where these particles are not directly produced but occur as virtual
particles in loops contributing to the process under study. The predictions of W-boson mass
and top-quark mass agree well with the direct measurements, constituting crucial tests of the
electroweak SM. In addition, the mass of the as yet unobserved Higgs boson is constrained, with
the result: mH < 144 GeV at 95% confidence level. The direct observation of the Higgs boson and
the measurement of its mass, expected for the next few years, will complete this domain of the
electroweak interaction, but may also lead to new surprises.
1.7.1 Prospects for the Future
The next generation of high-energy particle colliders consists of the Large Hadron Collider (LHC),
and the planned International Linear Collider (ILC). The LHC, a proton-proton collider with a
centre-of-mass energy of 14 TeV, will start operations at the end of this year (2007). The ILC, a
linear electron-positron collider with a centre-of-mass energy of 500 GeV to 1000 GeV, is currently
in the design phase.
The upper limit on the Higgs mass indicated above opens a window of opportunity for the
Tevatron experiments CDF and DØ to find the Higgs boson, but only the LHC is powerful enough
to cover the entire mass range of the SM Higgs boson allowed by theory - or to find alternative signs
for physics governing electroweak symmetry breaking. The high centre-of-mass energy also gives the
LHC a wide range in searching for new massive particles beyond the Higgs, such as supersymmetric
particles. The LHC is a W/Z/top factory, allowing for high-statistics measurements in any final
state with leptons. In contrast, the ILC is a precision machine allowing to make highly accurate
measurements in both leptonic and hadronic channels, covering all possible decay modes of new
heavy states in the clean environment of an e+e− collider. The smaller centre-of-mass energy limits
its mass reach compared to the LHC, but the ILC is essential to be able to survey and measure
precisely all properties of the Higgs boson and other new particles found at the LHC, setting the
stage for detailed comparisons with theoretical models.
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